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NOTES 


The duties of the National Defense Research Committee were 
(1) to recommend to the Director of OSRD suitable projects 
and research programs on the instrumentalities of warfare, 
together with contract facilities for carrying out these projects 
and programs, and (2) to administer the technical and scien- 
tific work of the contracts. More specifically, NDRC func- 
tioned by initiating research projects on requests from the 
Army or the Navy, or on requests from an allied government 
transmitted through the Liaison Ofhce of OSRD, or on its 
own considered initiative as a result of the experience of its 
members. Proposals prepared by the Division, Panel, or 
Committee for research contracts for performance of the 
work involved in such projects were first reviewed by NDRC, 
and if approved, recommended to the Director of OSRD, 
Upon approval of a proposal by the Director, a contract per- 
mitting maximum flexibility of scientific effort was arranged. 
The business aspects of the contract, including such matters 
as materials, clearances, vouchers, patents, priorities, legal 
matters, and administration of patent matters were handled 
by the Executive Secretary of OSRD. 

Originally NDRC administered its work through five di- 
visions, each headed by one of athe NDRC members. These 
were: “aq 


1 
Division A—Armor and Ordnance 

Division B—Bombs, Fuels, Gases, & Chemical Problems 
Division C—Comuinunication and Transportation 
Division D—Detection, Controls, and Instruments 
Division E—Patents and Inventions 
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ON THE ORGANIZATION OF NDRC 


In a reorganization in the fall of 1942, twenty-three ad- 
ministrative divisions, panels, or committees were created, 
each with a chief selected on the basis of his outstanding work 
in the particular field. The NDRC members then became a 
reviewing and advisory group to the Director of OSRD. The 
final organization was as follows: 


Division. 1—Ballistic Research 

Division 2—Iffects of Impact and Explosion 
Division 3— Rocket Ordnance 

Division 4—Ordnance Accessories 

Division 5—New Missiles 

Division 6—Sub-Surface Warfare 

Division 7—Fire Control 

Division S—Explosives 

Division. 9—Chemistry 


Division 10—Absorbents and Aerosols 
Division 11—Chemical Engineering 
Division 12— Transportation 

Division 13—Electrical Communication 
Division 14—Radar 

Division 15—Radio Coordination 
Division 16—Opties and Camouflage 
Division 17—Physies 

Division 18—War Metallurgy 

Division 19— Miscellaneous 

Applied Mathematics Panel 

Applied Psychology Panel 

Committee on Propagation 

Tropical Deterioration Administrative Committee 
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NDRC FOREWORD 


s EVENTS of the years preceding 1940 revealed more 
А and more clearly the seriousness of the world 
situation, many scientists in this country came to 
realize the need of organizing scientific research for 
service in a national emergency. Recommendations 
which they made to the White House were given care- 
ful and sympathetic attention, and as a result the 
National Defense Research Committee [NDRC] was 
formed by Executive Order of the President 1n the 
summer of 1940. The members of NDRC, appointed 
by the President, were instructed to supplement the 
work of the Army and the Navy in the development 
of the instrumentalities of war. A year later, upon the 
establishment of the Office of Scientific Research and 
Development [OSRD], NDRC became one of its units. 

The Summary Techmeal Report of NDRC is a 
conscicntious effort on the part of N DRC to summar- 
ize and evaluate its work and to present 1t in a useful 
and permanent form. It comprises some seventy vol- 
umes broken into groups corresponding to the NDRC 
Divisions, Panels, and Committees. 

The Summary Technical Report of each Division, 
Panel, or Committee is an integral survey of the work 
of that group. The first volume of each gronp's report 
contains a summary of the report, stating the problems 
presented and the philosophy of attacking them, and 
summarizing the results of the research, development, 
and training activities undertaken. Some volumes may 
be “state of the art? treatises covering subjects to 
Which various research groups have contributed 1n- 
formation. Others may contain descriptions of devices 
developed in the laboratories. A master index of all 
these divisional, panel, and committee reports which 
together constitute the Summary Technical Report 
of NDRC is contained in a separate volume, which 
also includes the index of a microfilm record of per- 
tinent technical laboratory reports and reference 
material. 

Some of the NDRC-sponsored researches which had 
heen declassified by the end of 1945 were of sufficient 
popular interest that it was found desirable to report 
them in the form of monographs, such as the series 
on radar by Division 14 and the monograph on sam- 
pling inspection by the Applied Mathematics Panel. 
Since the material treated in them is not duplicated 
in the Summary Technical Report of NDRC, the 


monographs are an important part of the story of 
these aspects of NDRC research. 

In contrast to the information on radar, which is 
of widespread interest and much of which is released 
to the public, the research on subsurface warfare is 
largely classified and is of general interest to a more 
vestricted group. As a consequence, the report of 
Division 6 is found almost entirely in its Summary 
Technical Report, which runs to over twenty volumes. 
The extent of the work of a division cannot therefore 
be judged solely by the number of volumes devoted 
to it in the Summary Technical Report of NDRC: 
account must be taken of the monographs and avail- 
able reports published elsewhere. 

In most of the projects undertaken by NDRC it 
was necessary to begin with a program of fundamental 
research 1n order to understand the problems to be 
solved. To Division 8 came many requests for funda- 
mental research in problems concerning high explo- 
sives and propellants. The information obtained from 
these studies was useful in designing many new weap- 
ons and developing several new manufacturing proc- 
esses, Including an improved process for КОМ and 
the development of molded composite rocket propel- 
lants and albanite, a propellant which eliminates 
flash from Navy gnus. The fundamental information 
obtained from these studies, which has also been ap- 
plied to programs outside NDRC efforts, will be of 
lasting nsefniness and is perhaps the Division’s great- 
est achievement. | 

lo carry out the work, the Division, together with 
lís contractors, employed the services of а group of 
highly skilled scientists, under the leadership of first 
G. В. Kistiakowsky and later Ralph A. Connor. This 
eSummmary Technical Report, prepared under the 
direction of the Diviston Chief and authorized by 
him for publication, is a record of the Division’s 
accomplishments and a tribute to the scientific integ- 
rity of the men who loyally served in it. They deserve 
the grateful appreciation of the Nation. 


+ 


bc 
VANNEVAR Busn, Director 


Office of Scientific Research and Development 


J. В. Conant, Chairman 
National Defense Research Committee 
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FOREWORD 


HE SUMMARY of the work carried out by Division 

S of the National Defense Research Committee 
[NDRC]—The Division of Explosives—is intended 
to give the reader an understanding of the scope of 
the Division’s activities and to present brieflv the 
results. Thercfore. опу limited experimental data are 
included : it is expected that those who wish more than 
a superficial knowledge of a particular field will refer 
to the original reports which are cited as references 
in the body of the summary. The work of Division 8 
has been closelv related to the work of Divisions 2 and 
3 and it inav be helpful to describe here the distribu- 
tion of activities. 

It was originally intended that Division § should 
its program the effects of explosives in 
should 


include in 
liquid and 
explore the effects in solids and in semi-solids, such 
as soils. While this assignment of responsibilities did 
guide the planning of programs it was not logical to 
follow it exactly: thus Division $ undertook research 
on fragmentation. cavitv charges. and certain phases 
of the work on air blast. In June 19-44. the program on 
underwater explosives and explosions and the Division 
S work on air blast was transferred to Division 2: the 
summary report of Division 2 will therefore be of 


gaseous media. while Division 2 


interest to those interested in high explosives since It 
contains both. Division 2 and Division § information 
on air blast. underwater explosions. and terminal 
ballistics. 

In the NDRC program on rockets, Division 3 car- 
ried out the design of rocket weapons and most of the 
work on conventional processes for solvent-extruded 
and drv-extruded double-base powders. This work 1s 
described in the summary report of Division 3. Divi- 
sion $8 carried out the research on new rocket powders. 
on new processes for conventional powders. and on 
stability determination and analvtical methods for 
all propellants. 

Division § did not attempt to set up and carry out 
a comprehensive program covering the entire field of 
explosives. The initial program was almost entirely 
of a fundamental and long-range character. with 
emphasis on synthetic research with some fundamental 
theoretical and experimental work on high explosives. 
As the fundamental research began to produce re- 
sults, the high explosives program changed to the 
development of processes and the major emphasis in 
high explosives was directed toward the physical 
chemistry of explosives and, later, toward the applica- 


tion of this knowledge to the evaluation of weapons 
and the development of new weapons. The summary 
of the work on high explosives will therefore contain 
information on the following broad subjects: svnthetic 
work. the development and application of methods for 
the evaluation and comparison of explosives and loaded 
munitions, the development of explosive compositions 
and devices, studies of the effects of explosions. and 
studies of the processes of detonation and its initiation. 

After the program on high explosives was under 
way. Division & began its program on rocket propel- 
lants and. still later. on gun propellants. The summary 
of the work on propellants will therefore deal with 
the following: theory of the burning of propellants. 
molded composite propellant for rockets and jet pro- 
pulsion units. solvent-extruded composite propellants 
for rockets. cast propellants for jet propulsion devices, 
gun propellants, and methods for the analysis and 
testing of propellants. 

Ihe last general field to be studied bv Division 8 
concerned tracers and igniters: the major objective 
was Improved stability. Later. the development of a 
dim igniter was undertaken. 

The evolution of the Division 8 program was the 
result of problems which originated within the Serv- 
ices or which were suggested by the Division and then 
sponsored by the Services. Those programs which re- 
sulted mi practical developments were the result of 
good cooperation. and it is a pleasure to express the 
Division’s appreciation to those within the Bureau 
of Ordnance. Army Air Forces. and Ordnance De- 
partment who contributed to this work. 

This summary has been constructed from a large 
number of reports on individual problems and has 
been written by persons having first-hand familiarity 
with the projects about which they have written. Many 
of these authors have delayed their return to their 
permanent positions or have contributed their free 
time to the preparation of their summaries. Acknowl- 
edgment is made here to these persons as a group: 
they are named individually at the beginning of each 
section of the summary. The value of the summary 
is due directly to their cooperation in preparing this 
material and to the efforts of Dr. A. Н. Blatt who 
planned the summary. guided the preparation of the 
various sections, and edited the final draft for submis- 
“lon to the Summary Reports Group. 

UEPI К. CONNOR 
Chief, Division 5 
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INTRODUCTIE L OIN 


HIS SECTION of the Summary Technical Report 
Га attempt to summarize the specific adoptions 
and developments of Division 8 which will be of gen- 
eral interest. It should be emphasized, however, that 
the greatest contributions of the Division will probably 
not be enumerated in listing the specifie accomplish- 
ments. In practically every problem that was presented 
it was necessary to carry out fundamental research 
in order to understand the problems to be solved. The 
fundamental mformation so obtained and the advice 
of the Division 8 personnel experienced in these fields 
has been felt in the design of many weapons and in 
the developments of many programs which cannot be 
attributed. directly to NDRC. This fundamental m- 
formation will be of lasting usefulness and perhaps 
represents the greatest achievement of Division 8. 

A new and improved process for the manufacture ot 
RDN was developed by the Division and was utilized 
for the production of about 360 tons of RDX per day. 
In addition to developing the process, additional prob- 
lems were solved. including the incorporation of RDX 
with TNT in the preparation of Composition В, a 
process for the recovery of waste acid from the mother 
liquor, and the development of a substitute for bees- 
wax im order that Composition A might be available 
on the scale necessary. This also led to an extensive 
research program on ‘Torpex, and ultimately methods 
were developed for desensitizing this material and for 
the prevention of gassing during the storage of Tor- 
pex loaded munitions. 

A process was developed for the preparation of the 
intermediates for Halerte. and improvements were 
made 1n the nitration process. A plant to produce this 
explosive and its intermediates, based upon this work, 
was beginning production when the war ended. Stabil- 
itv studies were an important part of both the pro- 
pellants and Ingh explosives programs, and the results 
obtained in such investigations were directly respon- 
sible for changes in the 5% AA shell which decreased 
the probability of explosion when these shells were 
held in hot guns, for a change in the refining pro- 
cedure of PETN, for the improved stability of alumi- 





mized explosives, including Torpex which was men- 
troned above, aud for the adoption of a binder for 
tracer compositions which was used in production and 
eave improved. stability to tracer ammunition. 

Molded composite rocket propellants were developed 
and were ultimately made m diameters up to 12 mehes. 
Grains having a diameter of S8 inches were success- 
fully used for launching the JB-2 weapon, and a plant 
to manufacture these charges was about 90 per cent 
completed when the war ended. 

In order to eliminate flash from Navy guns a new 
propellant, Albanite, was developed, adopted by the 
Navy, and plans to produce this material were being 
made when the war ended. This propellant required 
the use of an explosive material, DIN A, which had not 
heen prepared prior to the war, and а process for 
manufacturiug this was developed by Division 8. 

One of the solvent extruded composite propellants 
developed by Division 8 was produced for use in the 
bazooka tor the elimination of particle blast. It was 
known as BBP (Blastless bazooka powder). 

Among the incompleted projects of the Division which 
may ultimately result in important weapons, the follow- 
ing subjects of investigation may be mentioned : 

1. Shaped Charge Bombs 
2. Antisubmarine Shaped Charge Bombs 
э. The Shaped Charge Follow-Through Rocket 


4. Shaped Charge Warheads for Naval ‘Torpedoes 
5. Antisubmarine Shaped Charge Follow-Through 


Bombs 
6. Liquid Explosives 
i. КОМ Gun Powders 
8. Powder and Head for the Super Bazooka 
9. Powder for the Super 4.5" Rocket 
10. Improved Plastic Explosives 
11. A process for the Preparation of Pierie Acid 
from Benzene in One Step 
12. ‘The Explosive and Liner for a Spherical Gre- 
nade (BEANO) 
Lhe detailed descriptions of these and other projects 
are to be found in the seven chapters of the Summary 
Technical Report which follow. 
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Chapter | 


PREPARATION OF HIGH EXPLOSIVES 


AS PART of its work on high explosives, Division 8 
of the National Defense Research Committee 
[NDRC] undertook to prepare a number of candidate 
materials in sufficient. quantity to permit an evalua- 
tion of their explosive properties. Some of the candi- 
date explosives were chosen because they had been 
suggested in the open or classified literature; others 
were chosen because they, or the intermediates lead- 
ing to them, had become available as a result of de- 
velopments in the organic chemical industry in the 
past twenty-five years. This program naturally re- 
sulted in ihe preparation of a large number and 
variety of compounds. 

For those candidate explosives whose properties 
merited the effort, attempts were made to develop 
commercially applicable methods of synthesis. When 
these attempts were successful and the explosive 
seemed likely of adoption, the syntheses were put 
through the pilot plant stage. When a development 
reached this point it was usually desirable to make a 
rather detailed study of the mechanism of the reac- 
tions involved in order to determine what by-products 
were formed. In addition studies of the preparation 
and properties of analogs of the successful candidate 
explosive were called for. The most important devel- 
opments were the combination process for preparing 
RDX, the synthesis of Haleite, the synthesis of 
DINA, and the oxynitration of benzene to yield picnic 
acid. These and the less spectacular results of the 
program are described in Sections 1.1" through 1.9 
below. 

The work desenbed in the last paragraph dealt 
with pure compounds. Much additional work was de- 
voted to explosive mixtures, for World War lI saw 
the utilization 1) quantity of plastic explosives, of 
explosive compositions 1n which a powerful but sensi- 
tive explosive like RDX is desensitized by admixture 
with wax and/or a less sensitive explosive like TNT, 
and of aluminized compositions. Work with these 
three groups of explosives 1s detailed in Sections 1.10 
through 1.12. 


a This section is based on a summary prepared by Marvin 
Carmack. 


1.1 IHE PREPARATION OF RDX BY 
THE DIRECT NITROLYSIS OF HEXAMINE 


One of the first explosives problems investigated by 
the NDRC was the preparation of RDN. Studies of 
the direct nitrolysis of hexamine were begun in the 
latter part of 1940. Somewhat later most of the effort 
was diverted to the alternative procedure, known now 
as the combination process. Work on the direct ni- 
trolvsis 1s summarized ın the present section, and 
the development of the combination process and a 
comparison of the two processes are treated in Section 
1.2 below. А 

In January 1941 a report? summarizing the work 
of the NDRC investigators carried the conclusion 
that there was then sufficient. information available 
to permit the commercial production of RDA, but 
that much additional work was necessary In order to 
bring the cost of the material down to a reasonable 
figure.! 

In the report just mentioned the most detailed 
NDRC information came from the investigators work- 
ing at the Pennsylvania State College. This group 
studied both batch and continuous nitrolysis of 
hexamime. The most favorable results m batch runs 
were obtained with a ratio of 10 parts of nitric acid of 
at least 92% concentration to one part of hexamune, 
the reaction being carried out during 25 nunutes at 
25 to 30 C; the yield was 65 to 70%. The presence 
of sulfuric acid was found to be deleterious, and the 
addition of any of a number of salts either had no 
effect or decreased the yields of cyclontte. 

For the continuous preparation of cyclonite by 
nitrolysis a small glass unit was developed. This unit 
had an output of 2.5 kg of-cyclomte per day. The 
proportions of materials and yields were essentially 
the same in the batch and the continuous processes, 
the chief difference in the methods bemg the manner 
of mixing the hexamime and nitric acid. The reaction 


b'lhis report contains not only the results of the NDRC in- 
vestigations but also data from Picatinny Arsenal, the Her- 
cules Powder Co., E. I. du Pont de Nemours and Co., and 
from the Canadian investigators working on Project СЕ-12 
at the University of Toronto. 
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chamber consisted of a glass tube 16 min in diameter 
into which the strong nitric acid at between —10 and 
— ә C could be led and mixed with solid hexamine 1n- 
troduced by means of a mechanically operated alu- 
nunum serew device. Dissipation of the heat of reac- 
tion was the most difficult problem of the continuous 
process. 

The final report of the Pennsylvania State College 
group gave detailed information on the development 
of a continuous process for the nitrolvsis of hexannne.? 

The results were based partly upon batch runs un- 
dev varied conditions, and partly upon results ob- 
tained in three different models of apparatus for 
continuous nitrolvsis, 

In bateh runs the best vield was obtained by the 
addition of 10 о of hexamine to 100 parts of 99% 
nitric acid (N,O,-free) at temperatures not exceed- 
ing 0 € durmg a period of 30 minutes. After the reac- 
tion mixture had stood for an additional 45 minutes, 
it was drowned m 500 ml of water and furnished a 
90% vield of evclonite. When the nitrolvsis was car- 
ned out at 8 to 10 C dunne one hour, with an addi- 
tional one-hour holding period, a vield of 84.8% was 
obtained. 

The cvelonite obtained by drowning the reaction 
mixture in water and filtering was finely divided and 
contained impurities which made it diffeult to dry 
the product completely. Moreover, the filtrates obtained 
were unstable and Hable to undergo spontaneous fume- 
off. Purification of the product bv recrvstallization 
from 70% nitne acid, or acetone, or 1-nitropropane 
was recommended. 

A much more satisfactory method for the isolation 
of the evelonite mvolved the initiation of a controlled 
fume-olff to destroy formaldehyde and other by-prod- 
ucts by oxidation to carbon dioxide with the formation 
of recoverable nitrogen oxides. The fnme-olf could be 
induced by pouring the reaction mixture, after a suit- 
able period of holding to complete the mitrolysis, mto 
sufficient hot water at 85 to 90 C to result in a final 
nitric acid strength not exceeding 70%. As soon as 
the vigorous aud exothermic fume-olf was proceeding 
smoothly with the evolution of quantities of nitrogen 
tetroxide, the temperature could be reduced to 75 € 
until the reaction was complete. Nitrogen oxides were 
collected in a cold trap. The acid remaining in the 
fume-olf vessel consisted of 30 to 50% nitric acid with 
а laver of solid crystalline eyclonite. After the oxida- 
tive destruction of the by-products, the cyclonite was 
easily recovered in a state of high purity (mp 204 C) 
by filtering and washing. The product was nicely erys- 


talline and easily dried, in contrast to material isolated 
by drowning. The fumc-olf method involved very little 
loss of cyclonite unless the nitric acid strength after 
dilution exceeded 70% concentration, above which 
some decomposition of the evelonite occurred. The 
solid product isolated following fume-olf contained 
only about 0.08% of occluded acidity, which could 
be decreased by prolonged boiling in water or by re- 
crystallization from an organic solvent. 

The simplest apparatus for continuous nitrolysis 
of hexamine consisted of a spherical glass reactor of 
100-11] volume designed to operate at a reaction vol- 
ume of 50 ml. It was provided with four openings 1n 
the top: an inlet for 98% white nitric acid from a 
precoohng unit, a thermometer, an air-driven stirrer, 
and a mechanically driven aluminum screw feed for 
the introduction of powdered hexamine. A fifth open- 
mg m the bottom of the reactor was sealed to an in- 
verted U tube which served to regulate the reaction 
volume and to permit the continuons withdrawal of 
reaction mixture mto a holding vessel. The whole unit 
was unmersed 10 а cooling bath. In a typical run, 9867. 
white mtric acid aid hexamine were introduced in the 
weight ratio of 14.2 to 1. During a run of 294 hours, 
a total weight of 1,360 ¢ (79.7% ) of eyelomte was 
produced from 1,080 е of hexamme. The temperature 
was held between —3 and 5 € during the nitrolysis. 

The second apparatus for continuous mtrolysis was 
constructed from a block of alunnnum into which a 
hole 2 1n. in diameter had been drilled to serve as a 
reaction chamber. The reaction chamber was provided 
with stirrer, thermometer, an aluminum screw feed 
device for the mtroduction of hexanune, and entrance 
and exit openings for nitric acid and reaction mixture, 
respectively. The aluminum block was cooled dunng 
the reaction by cirenlating a stream of dry aiv, chilled 
to low temperature by liquid air, through the jacket 
surrounding the reactor. The mtne acid was precooled 
to between —10 and 0 C by passage through a соп 
chilled with cold air. In one run of three hours’ dura- 
tion, a total weight of 2.100 ¢ of fumed-olf cyclonite 
was prepared from 1,850 g of hexamine (72% yield). 
During the run the reaction temperature was mai- 
tained between —5 and 0 С; the mixture was held for 
fifteen minutes to complete the nitrolysis before the 
fume-olf was Initiated. Quantitative data on the cool- 
ing requirements were included in the report. 

The third and largest continuous reactor consisted 
of a cylindrical, flat-bottomed aluminum pot reactor 
with a volume of three quarts, designed to operate 
with a reaction volume of one quart. It was provided 
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with a simple separatory funnel for the introduction 
of strong nitric acid. a funnel for the introduction of 
powdered hexamine. an air-driven stirrer, an overflow 
side-tube for removal of reaction mixture. and a coil 
of 39 ft of 0.25-in. OD aluminum tubing for cooling 
the reaction. mixture. Pentane at a temperature be- 
tween —80 and —60 € was pumped through the 
coll at such a rate that the reaction temperature was 
held at approximately 0 C. Detailed data on the cooling 
requirements were recorded to aid in the design of 
reaction units of plant scale. In a typical run at 0 C 
using an acid hexamine ratio of 16.4. by weight, a 
vield of 65.5% of dry, fumed-olf cvclonite was 1so- 
lated. The rate of production of cyclonite was of the 
order of 5 pounds per hour. 

It was estimated that a 50-eallon Pfaudler nnit 
should be able to prodnee at least 555 pounds of cy- 
clonite per hour. 


11 Important Variables in the Direct 


Nitrolysis Process 


Мите ACID STRENGTH AND RATIO OF 
Niue Acip To HEXAMINE 

When a fixed weight ratio of 10 parts of nitric acid 
to one part of hexamine was used in a series of batch 
mitrolvses О C. 1t was found that the yield of cyclo- 
nite Was a neatly lincar function of the strength of 
nitric acid between 88 and 99607, the yields varying 
from about 5 to 90% in that range. АП runs were 
made with an addition tune of 20 minutes, followed 
by a holding time of 30 minutes. In another series of 
experiments the strength of mtric acid was held con- 
stant at 98%. and the weight ratio of nitric acid to 
hexamine was vanced. Above the ratio of 11/1 the 
vields of evelomte remained approximately constant, 
but below that critical ratio vields fell off rapidly, 
reaching 64% at a ratio of 8 parts of 98% nitric acid 
to one part of examine. 


ШОО Тох TEMPERATURE 


The vields were essentially constant al various tem- 
peratures up to abont 5 С. Above 5 © the yields be- 
came progressively lower as the temperature increased ; 
at 52 C only 53% of cyclonite was obtained with 10 
parts of 9867 nitric acid to one part of hexannne. 
It was recommended that the temperature of mtroly- 
sis be maintained between 0 € and 5 €, not only to 
obtain the maximum vield of evclonite, but also for 
maximum safety of operation. On the other hand it 


was pointed out that at a temperature of 8 (o 10 © the 
vield ts only shightly lower than 0 to 5 C, so that the 
economy elfected by reduced. refrigeration require- 
ments at the higher temperatures night outweigh the 
slight loss 1n. yield. 

The heat of the nitrolysis reaction was. fonnd to 
be of the order of 500 calories per gram of hexanmine. 
The removal of the heat of reaction and the prevention 
of local overheating where particles of solid hexanune 
come into contact with fresh mtric acid were found to 
be the most dithenlt factors to control in the nitroly- 
sis reaction, particularly in the continuons reactors. 
The time of addition of hexanune m batch runs or the 
rate of feed of reactants in. the continuous reactors, 
as well as the degree of agitation, have an important 
bearing on the control of the reaction temperature. 


Puniry or THE NITRIC ACID 

The presence of nitrogen tetroxide in the nitric 
acid is undesirable, since the oxide seems to make the 
reaction mixtnre unstable and hable to fume-off. The 
higher the percentage of nitrogen oxides, the lower 
the temperatnre at which the fiune-oll is likely to 
occur, Another undesirable point suggested m connec- 
tion with the presence of nitrogen tetroxide is that it 
probably results in the formation of traces of trinitro- 
sotrimethylenetriamime: this material lowers the sta- 
bility of the cvclomte. Nitne acid containing no more 
than 0.15% of nitrogen tetroxide apparently gave хаб 
isfattory results. 

In an effort to find possible catalytic effects, a mun- 
ber of substances, mostly inorganic salts, were added 
to the nitrolysis nüxture 111 a series of runs; 1n gen- 
eral the yields of cyclomte were ether unalfected or 
were lowered. No desirable effects were observed with 
апу of the added substances studied. 


TIME OF ADDITION OF НЕХАМІХЕ 

It was snggested that this variable 18 related to the 
Influence of temperature, since the decreases in. yield 
resulting from too rapid addition of examine to the 
nitric acid are probably due to local overheating. The 
proper vate of addition will therefore be that which 
does wot exceed the capacity of the apparatus to re- 
move the heat of nitrolysis. The same statement ap- 
plies to the rate of feed of the reactants 1n the contin- 
uous reactors. 


ErrkCT OF STIRRING 
Vigorous stirring of the hexamine with the mtrie 
acid is desirable to promote rapid solution of the solid 
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in the hquid and to avoid unfavorable local tempera- 
ture and concentration effects, 


Errvecr oF Погргхе DIME BEFORE WokkK-vr OF 
NAWwROLYSUS MINTURE 


The reaction of hexamme was at first considered 
to be complete as soon as the hexamme had dissolved, 
but later investigations showed that holding the reac- 
поп mixture for an additional 15 to 20 minutes re- 
sulted in a gam of 5 to 10% m the yield of cxclonite. 
А holding period was made a part of the standard 
procedure. 


erFECTS OF Various METHODS or ISOLATING 
CYCLONITE 

The controlled fume-olff of the diluted reaction mix- 
ture was found to give a granular product of satis- 
factory purity and excellent crystalline properties. Tf 
ihe strength of nitric acid during the fnme-oll does 
not cheer ne 7 Yreweleht. there 1s very little loss of 
evelomte by decomposition. The procedure involving 
the drownme of the reaction mixture in cold water 
had the disadvantages that the solid cyclonite con- 
tained impurities which made it difficult to dry. and 
handle, while the filtrates were unstable and tended 
spontaneously to undergo fume-off. 

At about the time that the final report discussed 
in the preceding pages appeared, reports reached this 
country from England describing the contimuous m- 
trolvsis process developed there. The British process, 
known now as the Woolwich process, was im pilot 
plant operation. plans for acid recovery were well 
under way, and designs for a plant to produce 60 tons 
of RDX per week were in preparation. In view of this 
situation, and because of the promising results being 
obtained m the study of the svnthesis of RDN using 
acetic anhydride (see Section 1.2), work on the ni— 
trolysis of hexamine by NDRC investigators was 
suspended. 

Much later. iı April 1944, interest m the mitrolysis 
of hexamine was revived. As a preliminary to the set- 
ting np of a research program on this subject, a de- 
tailed review of the literature on the direct nitrolysis 
process Was prepared.” 

The changing military situation, however, and tlie 
need for the available investigators to work on another 
problem led in late June 1944 to the postponement 
of the experimental program, and in the fall of 1944 
the decision was made not to undertake experimental 
work on the mtrolysis of hexamino. 


12 THE COMBINATION PROCESS FOR THE 
PREPARATION OF КОХ (В) 


Within a short time after research on RDN had 
been started, NDRC was advised that Canadian ii- 
vestigators had obtained a 40% yield of RDX by the 
mteraction. of approximately equivalent amounts of 
formaldehyde, ammonium nitrate, and acetic anhy- 
dride. The process may be represented ideally as 
follows: 


3HCTO + 3NH,NO, + 6(CH,CO),0—> 
NNO, 
| x 
GH, du, 
| | +- VOOR 
ONN NNO, 
CH, 


This method avoids the destruction of formaldehyde 
and the enornious recovery of nitric acid characteristic 
of the nitrolysis reaction, but requires the use and 
recovery of a large amount of acetic anhydride. 

At this time the United States had a large capacity 
for acetic anhydride, and the waste of formaldehyde 
and recovery of nitric acid im the direct mtrolysis of 
hexamine were considered more serious than the high 
consumption of acetic anhydride im the Canadian 
process. Conseqnently a study of the new Canadian 
method was begun. This was done first at the Univer- 
sitv of Michigan and later more extensively at Cornell 
University. The original. Canadian method consisted 
of mixing all the reagents cold and warming until a 
vigorous reaction set in. 1t was shown very early at 
Michigan? that better vields were obtained by adding 
portionwise to a flask an intimate mixture of am- 
monium mtrate and paraformaldehyde, and a shght 
excess of acetic anhydride containing a trace of nitric 
acid. The reaction mixture is mamtamed at 75 C and 
stirred vigorously during the process. After the addi- 
tion is completed the mixture is heated for a short 
period, diluted with warm water, chilled and the pre- 
cipitated RDN removed by filtration. 

At Cornell Universitv*? the Canadian process was 
subjected to a more thorough study, during which it 
was concluded that the best results were obtamed by 
adding one mole of paraformaldehyde to a mixture of 
1.25 moles of ammonium nitrate and 2.5 moles of 
acetic anhydride, After isolation m the usual way, 
Ше RDN was recrystallized from 55% nitric. acid. 

"This section is based on summaries prepared by 5. R. Aspin- 
all and Ralph Connor. 
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Studies were made of the optimum ratio of ingredi- 
ents. the optimum temperature of reaction, the rela- 
tive merits of different forms of: formaldelivde, and 
the effect of free nitrie acid and buffers. These studies, 
as well as a search for catalysts, failed to produce any 
significant improvement in the standard procedure, 
outlined above. which vielded about 55% ot the theo- 
retical amount of RDX calculated from formaldehyde. 
This process was used for a short time for full-scale 
manufacture in Canada, but active investigations of 
this method by NDRC ceased about December 1941 
because of the promise of another process—the com- 
bination process which is deseribed below. 

As has been pointed out, the direct nitrolysis, 1deal- 
ly represented by reaction (1), 


(CIL) N, + 4HNO > 


TO КО (1) 


AM 


CR, 
must be carried out with a large excess of nitric acid 
which results in the destruction of one-half of the 
formaldehyde introduced, and requires that an enor- 
mous nitric acid recovery system be made an mtegral 
part of the explosives plant. On the other hand the 
Canadian process, ideally represented by reaction (2) 


3l CHO 1 3NH,NO, 4- 6(CH,U0),0 = 


SET mR ҮН 2) 





requires a large amount of acetic anhydride, half of 
Which is consumed because formaldehyde and am- 
monia (as ammonium nitrate) are introduced into 
the reaction rather than hexamime (the dehydrated 
equivalent of formaldehyde and ammonia). 

Since the two by-products of the nitvolysis reaction 
(1) are raw materials for the Canadian reaction (2), 
it is apparent that, 1f the nitrolysis reaction would 
occur under conditions favorable for the Canadian 
reaction, 1t would be possible to eliminate the disad- 
vantages of both. By simple addition of reactions 
(1) and (2) one obtains reaction (8): 


(CH3)sN4 + 4HNO; + 2N H4NO; + 6(CH3CO).0 => 
NNO, 


х 


CH, CH, 


d! 


+ 122CH,CO,H — (3) 
O,NN NNO, 


Pd 
CH, 


In this reaction one makes use of the formaldehyde 
and ammonium nitrate formed in the nitrolysis and 
obtains fico moles of RDX from each mole of hexa- 
mine and each 6 moles of acetic anhydride; further- 
more, there is no nitric acid to be recovered. By the 
spring of 1941 this reaction, known as the combina- 
tion process, had been run successfully at the Univer- 
sity of Michigan, and by late 1941 it had shown such 
pronuse that all NDRC work on RDX after that time 
was directed toward its development. А great many 
modifications of the basie reaction were investigated 
at Michigan,” Cornell,’ and Pennsylvania State 
College,’ but the following may be considered typical. 

Ammonium nitrate and acetic anhydride were 
placed in a flask and, while the mixture was stirred 
at 75 C. the following three liquids were introduced 
concurrently and proportionately: acetic anhydride, 
concentrated nitric acid, and a solution of hexamine 
in glacial acetic acid. The final mixture was held for 
a short time at 75 C, diluted with water to 30% acetic 
acid, and simmered to hydrolyze unstable reaction by- 
products, which are a mixture of various nitrated and 
acetylated derivatives of hexamme fragments. After 
simmering, the slurry is cooled and the precipitated 
КОХ removed by filtration. The yield is 78% of the 
theoretical amount (2 moles) of КОМ meltmg at 
199 C. By dissolving the amimomum nitrate їп the 
nitme acid, the process 1s made to consist of feeding 
three liquids (ammonium nitrate dissolved in nitric 
acid, hexamine dissolved in acetic acid, and acetic 
anhydride) into the reaction flask. This in effect put 
the reaction on a continuous basis and later a reactor 
was designed which was nore suitable for continuous 
operations. This reactor consisted of a U-shaped tube 
with an arm connecting the upper ends of the U. 
During operation, the U tube is filled with reaction 
mixture which is circulated rapidly by a pump (pro- 
peller), and the three liquids are fed into one arm 
of the tube at the same rate that the reaction mixture 
overflows from the other. The effluent reaction mixture 
is held until a suitable volume has accumulated ; it 18 
then diluted, simmered, cooled, and the crude RDX 
removed by filtration. 
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The crude product. from the combination process 
contains traces of acetic acid even after thorough 
washing, so 1t is desirable to recrystallize the product 
to reduce the acidity essentially to zero. А much more 
important reason for recrystalhzation 15 connected 
with the nature of the explosive product itself. АП 
material produced by the combination process (as 
well as the Canadian process) consists of a mixture 
of RDX and HMA, the latter being present in 
amounts varying from 3 to 8% of the total when the 
process Js carried out under optimum conditions, This 
mixture of КОХ and НМА is hereafter designated 
as RDN(B). MMX is eyclotetramethylenetetranitra- 
mine (the eight-membered ring analog of RDX) and 
may arise from the eight-membered rmg present iu 
hexanmnie. 

HMX is equivalent to RDX in power and 15 supe- 
rior 10 КОЗЕ in cheniteal stability. HOME exists in 
four polymorphic modifications,'’' the stable one 
(В) of which shows about the same sensitivity to im- 
pact as RDX; however, the unstable polymorphic 
modifications of HMN are very sensitive, especially 
in certain crystal modifications. Therefore, al- 
though the presence of HM X in the product from the 
combination reaction is not deleterious per se, It 1s 
essential for safety in manufacture and handhng that 
the HMX be present only as the B-polymorph. The 
best method of msuring the exclusion of the unstable 
sensitive polymorphs is to recryvstallize. the product 
under equilibrium conditions. This can be done from 
any one of a great many solvents provided precipita- 
tion 15 done slowly and with adequate agitation. А 
convenient and economical way of conducting the 
crystallization 15 to dissolve the crude RDX im hot 
acetone and then blown in steam until the acetone is 
completely removed, leaving a slurry of RDN in 
water. The aqueous acetone which distils 15 suitable 
for immediate recovery; the acid-free mixture of 
RDN-8 НМУ is removed by filtration. This mate- 
rial is the end product of the preparative procedure 
and 15 ready for incorporation with other materials 
such as ТМТ, wax, or oil (Section 1.11). 


121 The Mechanism of the Reaction 


In connection with the development of the com- 
bination process ап attempt was made to determine 
the exact chemical mechamsm by which КОМ is 
formed.!** This study was undertaken primarily be- 
cause of the feeling that ways to improve the yields 
beyond those which were obtained by an empirical 
approach would be arrived at only if the true nature 


of the reaction was understood. This work was cuon- 
ducted by allowing hexamine to react with each and 
all of the other ingredients of the combination proc- 
ess, In various ratios and under various conditions. 
3y this means It is possible to prepare a large number 
of compounds, some of which are actually formed as 
by-products in the combination process and some of 
Which are never isolated under conditions prevailing 
in the process. For example, by treating hexamine 
with acetyl nitrate (an equimolecular mixture of 
acetic anhydride amd nitric add £ee;O МО аа 
AcONO, + AcOH) one obtains a series of four com- 
pounds which represent different degrees of attack of 
the hexanine molecule by the reagent. If 1 mole of 
acetyl nitrate is used, the product is a derivative of an 
unbroken hexamine molecule: 2 moles of acetyl nitrate 
produce a cycle pentamethylenetetramine derivative 
in which one carbon atom is lost but the basie ring 
structure of hexamine is preserved; 3 moles of acetyl 
nitrate produce a derivative of Dear. pentaniethyl- 
enetetramine 1n which one carbon atom of the original 
hexamime 18 lost and the ring structure is destroyed ; 
4 moles of acetyl nitrate produce a derivative of linear 
tetramethylenetmamine in which an additional car 
bon atom and a nitrogen have been lost. 

Lhe product from 1 mole of hexamine and 4 moles 
of acetyl nitrate, which has the strueture CH,CO,- 
CHLN (NO.) CH,N(NO,) CH,N (NO СЛ ОИ 
and is designated BSX, is apparently the end prod- 
uct of the interaction of the two materials and actu- 
ally appears as a by-product of the combination re- 
action: it is one of the unstable compounds hydro- 
lyzed in the simmering process. Although BSX is 
the only one of the acetyl-mtro derivatives of the 
linear. polymethyleneamines positively demonstrated 
to be present in crude RDN (В), it 1s quite likely that 
other related compounds are likewise present and are 
destroved by simmering. By conducting the combina- 
tion process in the cold, BSX is the major product of 
the reaction.* 

Tf the product obtained from hexamine and 2 
moles of acetyl nitrate, which has the structure 





UN NNO» 
N А 
Cil, le 
МК 
CH, CII, 
CH, 
N 
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and is designated DPT, is isolated апа then treated 
with 1 or 2 moles of acetyl mirate, one obtains two 
compounds which are not the same as those obtanied 
from hexaniüne and 3 or + moles of acetyl nitrate 
respectively, indicating that DPT and the products 
from hexamine aud 3 or 4 moles of acetyl nitrate have 
a common precursor other than hexamine. 

It has been mentioned that НМА 15 always pro- 
duced 1n amounts ranging from 2 to 8% 1n the com- 
bination process. It 15 of interest. that the process 
mav be carried out so as to obtain good yields of a 
product consisting mainly of НММ (contaminated by 
a little RDN). Since it is possible to destroy pret- 
erentially the RDN by an alkaline digestion, this con- 
stitutes an excellent svnthesis of pure JIMA.’ It is 
also possible to obtain ИМХ by nitration of DPT 
although the evidence is clear that DPT is not an m- 
termediate in the formation of НМА from hexamine, 
acetic anhydride, nitric acid, and annnonium nitrate. 

In the course of these studies on the mechanism of 
the combination process an enormous amount of in- 
formation was collected on the fundamental chemistry 
of hexamine, but m spite of the large amount of data 
collected, and the thorongh study of all of the prod- 
ucts which were obtained, the true nature of the re- 
action has not been discovered пот has it been pos- 
sible to improve the yields over those obtained by 
using methods developed. empirically. 


1.2.2 Pilot Plant Development 


It has been indicated that by the summer of 1941 
work in the United States, Canada, and Great Britain 
showed there were three practical inethods for the 
svnthesis of RDN. The nitrolysis reaction was the 
first of these developed and was operated on a large 
scale in England and the United States m spite of 
the inherent disadvantages that one-half of the 
formaldehyde which is introduced is lost, and that 
large amounts of nitric acid must be handled and re- 
covered. The Canadian method does not require 
nitric acid; and, at the time under consideration, the 
supply of acetic anhydride was not critical. ‘The 
amount of acetic anhydride required in the Canadian 
process was such that the problem of handling liquids 
was less serious than in the nitrolysis process. Theo- 

dA 73% yield of pure HM X was obtained in one-step batch 
operation, and a 60% yield of pure HM X in continuous 
operation. Continuous operation was used for the preparation 
of some 25,000 pounds of HMX at the Holston Ordnance 
Works. The earher alternative апа much less satisfactory 


preparation of HM X from hexamine via DPT 1s described 
in reference 20. 


retically it should be possible by this reaction to con- 
vert all of the formaldehyde to RDA and im this 
way overcome the second disadvantage of the nitroly- 
sis reaction. Studies on a pilot plant scale, con- 
firmed in a production plant, showed, however, that 
this process was only slightly more economical of 
formaldehyde than the iitrolysis reaction. Labora- 
tory work on the combination process indicated. the 
possibility of obtaining 80% of the theoretical 
amount (2 moles) of КОХ as RDA(B), thereby pro- 
ducing over twice as much explosive per pound of 
Lormaldehvde as was produced by the other methods. 
Although the process involved the recovery of acetic 
acid, the amount involved. was about 40% of that 
necessary in the Canadian process, and, therefore, 
this method seemed the most promismg of all from 
the standpomt of economy of formaldehyde and in 
ecohomy of handling liquids for recovery. 

In view of the above considerations and of the facts 
that the Canadian process was being studied on a pilot 
plant seale in Canada and that the nitrolysis process 
had been studied on a large scale in Britain, 16 was 
decided to conduct pilot plant studies of the combina- 
tion process. At the time this decision was made, 
laboratory experimentation had been centered largely 
upon the use of hexamime dinitrate as a starting ma- 
terial. The first RDN (В) pilot plant, built and op- 
erated by the Western Cartridge Company, was there- 
lore devoted to a batch process using hexamine 
dinitrate as a starting material.*? 

In December 1941, a study of the recovery of 
acetic aad from the nitration mother liquor was un- 
dertaken under a contract with the Tennessee Wast- 
man Corporation. At this time various considerations 
led to a decision to undertake a study of the ртерата- 
tion of КОХ(В) in a second pilot plant under cou- 
tract with E. I. du Pont de Nemours and Company. 
3y this time, it had been shown that hexamine was 
satisfactory starting material for the nitration, and 
the du Pout pilot plant studied a batch process based 
on the nitration of hexamine.?? 


Due to delays encountered in starting operations 
of the du Pout pilot plant and to the urgency ої 


having waste acid for recovery studies, a contract for 
ihe construction and operation of a third RDN(BD) 
pilot plant was negotiated in January 1942 with the 
Tennessee Eastman Corporation. After preliminary 
experimentation, it was decided that this pilot plant 
would use hexamine as a starting material in a con- 
tinuous nitration. Since these pilot plants represented 
the only source of RDX in the U. S. at this time, and 
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since Composition B мах desired for experimental 
purposes, the Tennessee Eastman pilot plant carried 
out a pilot plant study of the preparation of Coni- 
position Б. The results of the Tennessee Eastman 
studies on acid recovery, NUS (BD) preparation, and 
Composition D preparation are reported together.” 

Аз a result of the pilot plant studies, 1t was decided 
that hexamine dinitrate would not be used as а start- 
ing material. This was due primarily to the fact that 
hexamine dinitrate is itself an explosive and its use 
represented an additional hazardous operation. Fur— 
thermore it is hygroscopic, and drying facilities 
would require additional construction and would be 
hazardous. The continuous nitration gave appreciably 
higher vields than the batch nitration, and the process 
adopted for production by the Army Ordnance De- 
partment was, therefore, the continuous process using 
hexanune as a starting material. The Tennessee East- 
man Corporation pilot plant was transferred to the 
Ordnance Department in August 1942 for traimng 
personnel for the production plant. The Holston Ord- 
nance Works of the Tennessee Eastman Corporation 
was designed for the production of 170 tons per day 
of RDN (В) by the continuous process and was later 
expanded to produce somewhat more than double this 
quantity. 


15 Description of Continuous Process 


and Incorporation 


The process as developed in the NDhC-Tennessee 
Eastman pilot plant was as follows. Three solutions 
were introduced simultaneously and equivalently into 
the nitrator. These solutions consisted of (1) acetic 
anhydride, (2) hexamine dissolved 1n acetic acid, and 
(3) ammonium nitrate m nitric acid. The nitrator 
used can be visualized 1n а simplified form as a long 
U tube with a tube near and connecting the upper 
ends of the U. Actually the U tube was built m a 
horizontal position and the liquid contained in it was 
circulated very rapidly through the tube by means of 
a pump. RDX(B) was formed during the cireula- 
tion and the resultant slurry overflowed mto a hold- 
up tank. After a suitable quantity of the reaction 
mixture had been collected, 1t was diluted with water 
to about 35 to 40% acid and heated m a simmer 
tank at about 95 € for approximately 1/ hours. 
The RDX(B) was washed aud collected on a trolley 
filter aud the wet RDA(B) dissolved in 85% ace- 
tone. The acetone was removed by distillation with 
steam, the slurry passed through a colloid mall, and 
the RDN(B) collected on a trolley filter was then 


added to molten TNT, with or without wax, under 
water. ‘Phe water was removed by decantation and 
the slurry heated in the incorporator until the re- 
шаппа water was completely vaporized. Drops of 
molten Composition B were allowed to fall on a con- 
tinuous stainless steel belt, giving pellets resembling 
Chocolate buds in size and shape. 


к Acid Recovery* 


lhe mother liquor obtained by the filtration of the 
diluted reaction mixture was adjusted to pH 2.0 by 
the addition of alkali, 11 order to neutralize a small 
amount of excess nitric acid. Distillation in a primary 
still gave a nitrate-free distillate containing 30 to 
10% acetic acid and a residual sludge which was 
discarded. It was considered that this residue from 
large-scale operations would be suitable for a fer- 
ülizer. The aqueous acetic acid distillate was con- 
verted to glacial acid by azeotropic distillation and 
converted to acetic anhydride by conventional mdus- 
trial processes. 


1.2.9 Refining 


The various by-products which accompany RDX- 
(D) have been described elsewhere. With the ex- 
ception of HMN, these by-products are decomposed 
during the sunmer operation and no further refining 
is necessary to remove these impurities. Refining does, 
however. give additional assurance that BSN and re- 
lated compounds are completely destroyed. Neither 
the snnimier operation пог acetone purification removes 
HMA. which occurs in. quantities of 3 to 896 in 
MDA (B). It has been pointed out earlier that HMN 
in no way affects adversely the quality of the prod- 
uct as long as only the B-polymorph is present. 
While the process can be operated so as to give the 
B-polymorph, acetone additional 
safeguard agaist the formation of sensitive НМХ 
polymorphs. One of the important considerations in 
Introducing acetone refining was the fact, which first 


refiniug is an 


became evident during. pilot. plant operations, that 
this presented a method for controlling the particle 
size of the product and, hence, the pourability of the 
Composition B derived from it. This step also de- 
creases the acidity of the product and greatly sim- 
plifies the production of acid-free material, since oc- 
cluded acetic acid 18 extremely difficult to remove 
from RDX(B) 
should. perhaps, be added that nivestigations by the 


by water washing or boiling. It 
: c C 


“Some work had been done earlier at the University labo- 
ratories on the problem of acid тесоуегу. 3,24 
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Holston Ordnance Works, under the auspices of the 
Army Ordnance Department, have indicated that in 
some Ways cyclohexanone is superior to acetone as а 
solvent for refining. 


1.2.6 Analytical and Test Methods 


Most of the control methods are deseribed in. the 
reports from the pilot plants. These methods are of 
too limited. interest to justify complete discussion 1n 
this report. Other laboratories collaborated їп a num- 
ber of problems concerned with control operations. 
An investigation was made of the melting points of 
samples of RDN (Б) and a special apparatus for de- 
termining the melting point. was designed.” A meth- 
od was devised using a glass electrode for adjusting 
the pH of the aqueous acetic acid before primary 
distillation.?? A specific conductance measurement 111 
a special cell was recommended for measuring the 
concentration of water m the solution of ammonium 
nitrate in nitric acid which is used the nitration.” 
A special apparatus was constructed which permitted 
the determination of water in RDX (B) and in Com- 
position B in quantities as low as 0.1%. This pro- 
cedure involved conductometric titration with acetic 
anhvdride in acetic acid contannng sulfuric acid.” 
Various methods were developed for the deternuna- 
tion of НМА in RDN(B).7? One of these methods, 
chromatography, requires detailed: mention. 

A thorough study was made of the chromato- 
graphic behavior of RDX and nine related com- 
pounds.?^?'! The primary objective was to provide a 
method for the analysis of production lots of RDA 
and RDA (B) in order to determine the significance 
of the melting points of the two products. It was 
shown that the product from the Holston Ordnance 
Works (combination process), although sometimes 
melting as low as 188 C, contained. materials other 
than RDN and ПМА to the extent of only a few 
thousandths of one per cent, whereas the material 
from the Wabash hiver Ordnance Works (mitrolvsis 
process). although never melting below 200 C, con- 
tained several hundredths of one per cent of evclonite 
oxide and IH MXN and extremely small traces of other 
unidentified compounds. These experiments confirmed 
the earlier belief that the lower melting point of the 
combination product was in no way a reflection of 
infenor quality. As а preparation for the chroma- 
tographic analysis of these plant samples, the chro- 
matograplne behavior of the compounds related to 
RDX, which conceivably could be by-products of 
either process. were investigated. 


P2 


Special Problems 


A number of problems involved in the develop- 
ment operation were of sufficient urgency to justify 
the assignment of other groups to assist the pilot 
plant personnel. The problem of НМХ polymorphisin 
has been discussed elsewhere in this report. The heat 
of reaction in the formation of КОХ(В) was deter- 
mined for both batch and continuous nitrations.?? 
In the early pilot plant operations, difficulty was en- 
countered in the formation of a scale on the walls of 
the nitrator.? This was shown to depend upon the 
heat transfer in the equipment, and it was found that 
the coating could be removed by heating the nitra- 
tion mixture to а slightly higher temperature or by 
adding a mixture of acetic acid and acetic anhydride. 
Proper construction of the mitrator eliminated this 
difficulty. Small-scale experiments were performed in 
order to determine the hazards which might result 
if feeds to the nitrator were accidentally stopped.?: 
Medical studies on the health hazards involved in the 
process indicated that these were not greater than 
those encountered 1n the manufacture of other mihl- 
tary explosives. RDN(B) taken internally is toxic 
and produces m animals convulsions which may be 
controlled by the administration of nembutal. Con- 
fact with fumes from the nitration mixture may pro- 
duce dermatitis, but no evidence was obtained of 
severe systemic toxicity from the manufacturing op- 
erations or from RDX(B) itself.’ The studies were 
useful 1n. making recommendations regarding health 
precautions 1n the full-scale plant. 


1.2.8 Raw Materials Requirement 


On the basis of pilot plant stndies running con- 
tinuously for twenty-eight days, the yield of RDN (B) 
per pound of hexamine was 2.622 Ib. The production 
of one pound of КОХ(В) required 0.59 Ib of hex- 
amine, 0.77 lb of acetic acid, 0.66 lb of ammonium 
nitrate, 2.05 Ib of acetic anhydride, and 0.79 lb of 
nitric acid. In acetone refining, 0.068 lb of acetone 
was lost per pound of RDX(B). In neutralizing the 
mother liquor, 0.44 1b of sodium hydroxide was re- 
quired per pound of КОХ(В). Pilot plant studies 
of acid recovery indicated that 0.18 lb of acetic acid 
would be lost per pound of RDA(B) produced. In 
all, 148,727 tb of crude and 142,932 lb of refined 
RDA(B) were produced in the pilot plant. A total 
of 221,070 Ib of Composition В was produced. It 
should be pointed out that, while this scale of opera- 
tions gave a reasonably clear picture of the process, 
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the continnous operation of the large-scale plant has 
resulted in some modification of the above figures. 


4 Comparison of Processes 

lhe batch process studied by the du Pont Com- 
pany gave a vield of 2.4 lb of RDX(B) per pound of 
hexamine. ‘The raw material requirements differed 
very little from those of the continuous process, and 
it should be emphasized that 16 is perfectly feasible 
to prepare RDX(B) by batch operations. Although 
the continuous process has some advantages, it 1s 
easy to visualize a situation in which availability of 
equipment might justifiably lead to a decision to use 
batch operations in preference to continuous. 

The comparison of 2.62 lb of RDN(B) per pound 
of hexamine by the continuous process with 1.17 Ib 
of RDX by the conventional process probably appears 
more favorable than 15 actually warranted. In general, 
it seems probable that the combination process would 
be the preferred one. In time of war ammonia oxida- 
tion units and equipment for methanol and ammonia 
are likely to be in great demand. Since the combina- 
tion process requires much less nitric acid, less form- 
aldehyde, and less ammonia than the nitrolysis, 1 
would be preferred unless acetic acid, acetic anhy- 
dride, and the equipment for manufacturing these 
were in critical condition. Since 98% nitric acid can 
be made and the oxide and dilute acid from the nitrol- 
ysis process can be recovered quite cheaply, à com- 
petitive demand for acetates night make the nitrol- 
vsis process the logical one for large-scale operations. 
The differences in cost of the product are probably 
less decisive than the availability of equipment and 
raw materials in determining the method to be used 
for the production of RDN. 


1.3 HALEITE: 


The first investigation in this country of the prepa- 
ration and explosive properties of ethylenedinitra- 
mine, officially designated as Haleite by the Services,® 
was begun at the Picatinny Arsenal about 1933. 
Haleite was prepared from ethylenediamine by the 
following three-step process. 

‘This section is based on a summary prepared by 5. R. 
Aspinall. 


"Тһе name Haleite was given to ethylenedinitramine by 


Ordnance Committee Item 40,757 of June 17, 1943. Prior to 
this action the substance was referred to as EDNA. 





CH,NH, CH,NH 
СН) СО b 
ac CO 
| A 
CH,NH, CH,NH 
Lithylenediamine Ethyleneurea 
CH,NH CH, NNO, 
N ; _ 
CO нЕ To 
— 4 
CH,NH CH,NNO, 
Dinitroethyleneurea 
CIT,NNO, CH,NHNO, 
" 2 2 
СО НО 
А 
CH,NNO, CH,NHNO, 
Haleite 


This process suffers from two disadvantages: the over- 
all yield is only 4256 of the theoretical amount; and 
the initial step, the reaction between ethylenediamine 
and ethyl carbonate, requires the use of high pressures 
and temperatures over an extended period of time. 
However, the explosive properties of Haleite were of 
sufficient interest to lead io the recommendation by 
the Picatinny Arsenal that further work should be 
done on the preparation of the material, and it was 
indicated that Haleite would be of great military 
interest if it could be prepared for 50 cents or less 
per pound. 

With this background Division 8 began work in the 
fall of 1940 on the synthesis of Haleite. Since assur- 
ances had been received that ethylenediamine could 
be purchased 1n quantities as large as 40 tons per day 
at a cost of 25 cents per pound, the work was directed 
toward a synthesis of Haleite that would avoid the 
unsatisfactory step in the Picatinny Arsenal process 
—the preparation of ethyleneurea from ethylenedia- 
mine and ethyl carbonate. Two approaches were in- 
vestigated: the first was a synthesis of Haleite that 
did not involve ethyleneurea as an intermediate; the 
second was an Improved synthesis of ethyleneurea 
from ethylenediamine. 

Laboratory studies showed that ethylenediamine 
reacted smoothly with ethyl chloroformate at 80 C 
and at atmospheric pressure to form the dicarbethoxy 
derivative (I). Nitration of (I) and subsequent hy- 
drolysis of the nitration product furnished Haleite in 
an overall yield of 87% based on ethylenediamine 
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CH,NH, CH,NHCO,C,H, 
CICO2C2Hs HNO; 
DA >Z CH,NHCO,C,H, =” 
(1) 
CH,N(NO,)CO,G,H, CH,NHNO, 


H:O 
CIHN(NO,)CO,C,H,7 > CH,NHNO, 


An alternative procedure utilizing diacetyleth ylene- 
diamine (II) as an intermediate was also developed. 
This procedure gives a 76% yield of Haleite. 


CIT,NH, CH,NHCOCH, 


(СН.СО):О ANE 
CH,NH, = ” CH,NHCOCTH, 


(11) 


CH,N(NO,) COCH, CH,NHNO, 


Н.О 
CH,K(NO,JCOGH, — CH,NHNO, 


Neither of these processes was put into pilot plant 
operation.*°?? 

Two methods were developed for the conversion of 
ethylenediamine to ethyleneurea.?** 

1. Ethylenediamine and carbon dioxide heated at 
220 C and 820 atm for 30 minutes furnish ethyl- 


eneurea ; 


CINI, НҮН 


"Xo 
CO: pa 
CH,NH, — ^ GOILNH 
but this synthesis, like that from ethylenediamine 
and ethyl carbonate, requires high temperatures and 
pressures and does not give an outstandingly high 
yield. 
2. Ethylenediamine and urea heated In aqueous 
solution at atmospheric pressure furnish ethyleneurea 
in quantitative yield. 


НҮН, 


e 


CIT,NTI 


N 
1 NH,CONT, > CO + 2NT, 


| ^ 
CH,NT, CH, NH 


The ammonia evolved can be treated with carbon di- 
oxide and reconverted to urea. 

The procedures outlined above provided satisfactory 
syntheses of ITaleite starting from ethylenediamine. 


However, at this stage in the work it was learned that 
the earlier assurances of an adequate supply of ethyl- 
enediamine at a price of 25 cents per pound were in 
error; and that ethylenediamine Would be available 
only at a price of more than 50 cents per pound. This 
made 1t necessary to develop either à synthesis of 
ethyleneurea which did not involve ethylenediamine 
or a synthesis of ethylenediamine itself. 

A synthesis of ethyleneurea from ethylene glycol 
was first worked through.**#*48 


CH,OH CH,-NU 


BS 
+ NH,CONH, —> CO +2H,0 


* 
CH,OH CH,-NH 


In practice this reaction takes place in two steps. One 
mole of ethylene glycol is heated at atmospheric pres- 
sure for ten hours with five moles of urea. The prod- 
uct is an ethyleneurea polymer which, on heating with 
water, furnishes ethvleneurea. Тһе four moles of ex- 
cess urea ате hydrolyzed to ammonia and carbon diox- 
ide, but the ammonia can be reconverted to urea. Since 
at the time the process was under study there was 
ample unused urea capacity available, this was a seri- 
ous, but not a fatal, disadvantage. Consequently the 
process was put through pilot plant trials. From these 
trials it was estimated that а plant capable of pro- 
ducing 10 tons per day of ethyleneurea at a cost of 
45 cents per pound could be built for $1,000,000, and 
i plant capable of producing 60 tons per day at a 
cost of 40 cents per pound could be built for 
$4,000,000. 

Attention was next turned to the development of a 
synthesis of ethylenediamine. The successful synthesis 
consists of the following steps. 


CH,O + HCN —> HOCH,CN (98% yield) 


HOCH,CN + NH, — >» H,NCH,CN + H,O 

(82% yield) 
ILNCH,CN + 2H, — H,NCH,CH,NH, 

(88% yield) 
The raw materials used in this process are cheap and 
available; the reactions proceed smoothly, rapidly, 
and in good yields; only the third step, the hydrogena- 
tion, requires high pressures. Since the hydrogenation 
is a continuous rather than a batch operation, it pre- 
sents no serious diffieulties in the way of equipment 
requirements. The process was, therefore, put into 
pilot plant operation where it produced ethylenedia- 
mine in 70% overall yield.4*? 
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It will be recalled that two methods had been stud- 
ied earlier for converting ethylenediamine to ethyl- 
eneurea : the reaction with urea, and the reaction with 
carbon dioxide. The former had been selected as the 
more satisfactory. Since that time further work on 
the ethvlenediamine-carbon dioxide reaction, done by 
the Ralph L. Evans Associates under contract with the 
Ordnance Department, had shown that this reaction 
could compete favorably with the ethylenediamine- 
urea process. A pilot plant study of the ethylenedia- 
mine-carbon dioxide reaction was made, and operating 
conditions were worked out whereby this reaction be- 
came the most satisfactory one for the preparation 
of ethvleneurea.?*** 

All the work described so far can be summarized as 
leading to the following preferred total synthesis of 
Haleite: 


CIO + HUN 
HOCH,CN + NH, 
IL,NCH,CN + 2H, 


— HOCH,CN 
—» H,NCH,CN + H,O 
— W,NCH,CH,NH, 


CH,NH, CH,-NH 
| de 5 | SCO 4 0 
CH,NH, CH,-NH 
CH,NH CH,NNO, 

>0 ОШТО. —> » CO 4- 2H,0 
CHNH CH,NNO, 
CH,NNO, CH,NHNO, 
| усо +H,0 — + Со, 
CH,NNO, CH,NHNO, 


Taking advantage of improvements in the nitration 
of ethvleneurea, achieved by using nitric acid alone 
instead of mixed acid, this synthesis permits the 
preparation of Haleite at a cost of about 30 cents 
per pound. 

In addition to the work described up to this time, 
Division 8 supported one laboratory investigation of 
an entirely different synthesis of ethylenediamine. 
The National Research Couneil in the fall of 1941 
canvassed chemists in this country for suggestions for 
new syntheses of ethylenediamine. Seventeen differ- 
ent methods were suggested, and the chemists who 
proposed them did some preliminary. work on a vol- 
unteer basis. One proposed method—the addition of 
nitrogen dioxide to ethylene followed by reduction 
of the addition product, 1,2-dinitroethane, to ethyl- 
enediamine—was considered to be of sufficient inter- 


est to merit study by Division 8. The study showed 
that the addition of nitrogen dioxide to ethylene gave 
only a moderate amount of material reducible to 
ethylenediamine, and that the addition reaction would 
be cumbersome and hazardous to apply to large-scale 
operation.*>°° 

Finally, in view of the important results obtained 
in the study of the crystallography of RDX and те- 
lated compounds (see Section 1.2), a comparable 
study was made of Haleite. No polymorphs were 
found, but information of importanee in securing 
pellets of high density was obtained?! 


1.4 DINA" 


About September 1942 it was discovered in Canada 
that the conversion of a secondary amine nitrate to 
the corresponding nitramine (the Bamberger reac- 
tion) takes place efficiently in the presence of chloride 
ion. This discovery made it possible to prepare bis- 
B-nitroxyethylnitramine, DINA, diethanol- 
amine, nitric acid, acetie anhydride, and a trace of an 
ionic chloride. The preparation of DINA was inves- 
tigated on a pilot scale in Canada and extensive tests 
of its properties as a high explosive were made in 
Canada and in this country. The low melting point, 
relative chemical instability and sensitivity to impact 
under certain conditions militated against serious 
consideration of DINA as a high explosive in. spite 
of its excellent power, but it became apparent by the 
middle of 1943 that this explosive showed great prom- 
ise as an ingredient of propellants. A discussion of the 
use of DINA in gun propellants of superior qualities 
is given under Albanite (Section 6.7) ; the present 
with the preparation. of 


from 


exclusively 


e 


section deals 
DINA itself. 

The preparation of DINA’ by nitration of diethan- 
olamine may be carried out by a two-step or a one- 
step procedure. In the two-step procedure diethanola- 
mine Is slowly added to a slight excess of concen- 
trated nitric acid; the resulting solution, which con- 
sists of diethanolamine trinitrate (and some lower 
nitrates of diethanolamine) dissolved in тийе acid, 
is then fed slowly into a slight excess of acetic anhy- 


hThis section is based on a summary prepared by S. R. 
Aspinall. 

еу references to the properties of DINA as a high explo- 
sive are given In reference 52. 

The complete record of the investigations on the preparation 


of DINA and the associated problems referred to later in this 
section is to be found in references 53-58. 
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dride containing catalytic amounts of chloride ion. 
The nitration mixture is drowned, the precipitated 
DINA removed by filtration and washed with water. 
In the one-step nitration the appropriate amounts ої 
diethanolamine and nitric acid are fed simultaneously 
(with a nitric acid lead) into acetic anhydride con- 
taining chloride ion, After completion of the reaction 
the mixture is drowned and treated as before. Because 
of the advantages of the one-step nitration from the 
standpoints of simplicity of operation and economy of 
equipment and because results obtained with it were 
at least as good as those from the two-step procedure, 
only the one-step process was evaluated on a pilot 
scale. 

It is necessary to purify the crude crystalline DINA 
obtained bv either process, since it contains residual 
acidity and appreciable amounts of the corresponding 
nitrosamine which lower the stability of the product. 
The purification procedure consists essentially of 
treating DINA with hot water with vigorous agita- 
tion. This treatment results in the destruction of the 
nitrosamine, which 1s very unstable at the tempera- 
tures encountered. and the extraction of the residnal 
acid into the aqueous phase. The molten pure DINA 
resulting from this treatment is allowed to settle and 
is drawn off to be crystallized under cold water or 
from an appropriate solvent. However, because of the 
extreme sensitivity of DIN А under certain conditions, 
especially when molten.” the purification of DINA 
in quantity as outlined above was not looked upon 
with favor. Therefore, on a pilot scale the crude crys- 
talline DINA was mixed with dibutyl phthalate and 
centralite in the ratio 88.5:10:1.5, and the resulting 
mixture heated with hot water as before. The aqueous 
laver was neutralized to destroy acidity extracted from 
the DINA, and the DIN A-dibutyl phthalate-centralite 
mixture (called DDP) allowed to settle, after which 1t 
was drawn off into small drums where it solidified to a 
superficially dry cast. This modification in purification 
was permissible because dibutyl phthalate and central- 
ite are ingredients of Albanite, into which the DINA 
was converted, and offered great advantages from the 
standpoint of production and storage because of the 
strong phlegmatizing action of the dibutyl phthalate 
and the stabilizing action of the centralite. 

The waste acid filtered from the crude DINA con- 
sists of 30% acetic acid containing small amounts of 
nitric acid, hydrochloric acid, DIN А, and organic by- 
products arising from diethanolamine and the 1mpu- 
rities present in it (chiefly mono- and iriethanola- 
mines). The waste acid is simmered to hydrolyze 


organic nitrates and is partially neutralized with 
caustic to fix the mineral acids. The waste thus treated 
may be extracted continuously with isopropyl or 
еуі ether and the extract fractionated to yield ni- 
trate- and chloride-free glacial acetic acid suitable for 
conversion to acetic anhydride. Alternatively the sim- 
mered waste may be distilled to yield chloride- and 
nitrate-free 50% acetic acid which is then distilled 
azeotropically to give glacial acetic acid suitable for 
conversion to acetic anhydride. 

A number of problems associated with the DINA 
process were investigated. The results are mentioned 
briefly in the following paragraphs. 


QUALITY OF Kaw MATERIALS 


A method was developed for the analysis of dietha- 
nolamine. Adequate methods for analyzing nitric acid 
and acetic anhydride were already known. These 
methods are useful for plant control. but are not 
vitally important to the process, since it was shown 
that the yield and quality of DINA were as satisfac- 
tory with standard commercial materials as with 
specially purified ones. 


ТЕ 


Many materials have been evaluated as catalysts for 
the nitration, but none worked so well as chloride ion. 
Hydrogen chloride is favored for plant use because of 
its cheapness and the fact that no metal is introduced 
into the reaction. 

An attempt was made to demonstrate the exact 
mode by which chloride ton functions as a catalyst, 
but no conchisive results were obtained. 


BY-PRODUCTS 


A study was made of the preparation and properties 
of the possible by-products in the DINA synthesis. 
The most important are those arising from diethanola- 
mine and consist of the nitrosamine analog of DINA, 
(bis-B-nitroxyethylnitrosamine), and the analogs of 
DINA in which one or more of the nitro groups ате 
replaced by acetyl groups. 

The nitrosamine occurs in crude DINA, but it 1s 
eliminated in the purification with hot water, since 
the rate of hydrolysis of the mitrosamine to water- 
soluble products is extremely rapid as compared to 
the rate of hydrolysis of DINA. 

The mixed nitro-acetyl derivatives of diethanola- 
mine have never been positively demonstrated to be 
present in crude DINA. Certain of these compounds 
undergo rearrangement m the presence of water to 
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give water-soluble ammonium nitrate derivatives. The 
following equation is illustrative. 


OWOC CH, N 
NCOCH, + H,O —» 
ON Oecd 
OCT CHC H EN 


O,NOCH,CH, 7 


Certain other of these compounds, if formed at all, 
are sufficiently soluble or unstable in the waste acid 
that they do not occur in crude DINA. That these 
nuxed nitro-acetyl derivatives are formed initially in 
the reaction is evidenced by the fact that yields of 
DINA from diethanolanune are less than those from 
bis- (B-nitroxyethyl)ammonium nitrate and also by 
the fact that certain of the compounds or their degra- 
dation products are found in the waste acid. 


МҮН„КО, 


MISCELLANEOUS 


Many variations of the hot-water treatment were 
tried, including the addition of various reagents which 
might improve the stability of refined DINA. The 
only additive which accomplished an improvement in 
stability and which was acceptable from the stand- 
point of powder manufacture was centralite. 

Chromatography has been used to prepare very pure 
samples of DINA. It was shown that DINA stabilized 
by the usual methods contains extremely small quan- 
tities of impurities, and that such. DINA is as stable 
as judged by accepted stability tests as chromato- 
eraphically pure DINA. 

jxtensive data were obtained on the solubility and 
crystallographic properties of DINA and on the phase 
behavior of the system DIN A-centralite. Absorption 
spectra of DINA and related compounds have been 
measured ; the data obtained have been useful 1n eval- 
uating the quality of the nitration product. 


1.5 MISCELLANEOUS NITRAMIDES, 
NITRAMINES, AND NITRAMINE- 
NITRATE ESTERS* 


The excellent explosive properties of the cyclic ni- 
tramine RDX prompted an investigation of a wide 
variety of compounds contaming the NNO, group. 
In part this work had as its object the preparation of 
nitramines which might be useful as explosives; in 
part it was intended as an exploration of the chemical 
behavior of compounds containing the NNO, group. 








kThis section has been constructed from information fur- 
nished by A. T. Blomquist. 





Nitramides, nitramines, and compounds containing 
both nitramine and nitrate ester groups were studied. 
The most important compounds, Haleite, a high ex- 
plosive, and DINA, an explosive plasticizer for gun 
propellants, have been discussed in Sections 1.3 and 
1.4 respectively; the remaining compounds are dis- 
cussed in the paragraphs which follow. 


1.5.1 Nitramides 


Nitramides have been prepared by direct nitration 
of the following classes of compounds: hydantoins, 
diketopiperazines,9? glycolurils,?®*? melamine and its 
triacetyl derivative,?5*? N-substituted oxamides,9* 5 
N-substituted glycolamides, substituted ureas, hydan- 
toic acid derivatives, and sulfamides. Attempts to 
prepare nitro derivatives of hexahydro-s-triazinones 
and bis-(2-hydroxvethyl) urea were unsuccessful. 

The nitramides as a class were found to be unsuit- 
able for use as military explosives. Their stability to- 
ward moisture and heat was inadequate. The nitro 
derivatives of the hydantoins and diketopiperazines 
are markedly hygroscopic. 


1.5.2 Nitramines 


both primary and secondary nitramines were pre- 
pared and examined. Preparation of primary nitra- 
mines usually involves a procedure developed by 
Franchimont and Ixlobbie.°° 


CICO2C2Hs 
چ‎ 


RNII. RNHCO,C,H, HAS, 


RN(NO,)CO,C,H, NHS RNIINO, 


Preparation of secondary nitramines either involves 
the alkylation of primary nitramines or the catalyzed 
dehydration of secondary amine nitrates."* 


R,NH,NO, 460 + СТ, R, NNO, 


Among the simple aliphatic nitramimes prepared 
were a number of nitramino analogs of well-known 
nitrate — ester 1,2-dinitraminopropane, 
1,2,5-trinitraminopropane, and pentaerythrityl tetra- 
nitramine, the nitramine analogs of propylene glycol 
dinitrate, nitroglycerin, and PETN.“%° From the 
studies of these and other related nitramines it 
may be concluded that they, in comparison with the 
nitrate esters, are more stable toward heat, less sensi- 
tive to impact, somewhat less powerful, much higher 
melting, and much more diffieult to prepare. 

Details of the preparation, properties, and reactions 
of the various nitramines are to be found in the ref- 


explosives : 
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erences already cited. Only three other lines of ac- 
tivity can be mentioned in detail here. 

Attempts to prepare polynitramimes from diethyl- 
enetriamine. H;NGH;,CH,NHOH,GOH,NH, and tri- 
ethvlenetetramine. H,NCH,CH,NHCH,CO,NHCH.- 
CIL, N H,. were only partially successtul.9?7*! 

Studies of the ultraviolet absorption spectra of 
several primary nitramines and their salts and of 
the isomers, trimethylolmethylnitramine and  N-tri- 
methylolmethyl- N - nitrosohydroxylamine, aided in 
proving that the product obtained from acetone by the 
Traube reaction was not methylenedinitramine,' as it 
had long been believed to be, but was, instead, methyl- 
ene-6is-nitrosohydrox ylamine.?? 

Preliminary studies were made of N-halogenated 
derivatives of primary aliphatic nitramines. The com- 
pounds prepared were thermally unstable and quite 
sensitive to Impact. ® 


153 Nitramine-Nitrate Esters 


As part of the work on explosive plasticizers for 
Albanite powder (see Section 6.7), a number of nitra- 
mine-nitrate esters were prepared and evaluated. 
Those containing а primary nitramino group, 
(NENA, O,NOCIL,CH,NHNO,, is an example) 
were prepared from aminoaleohols by the procedure 
outlined above for primary nitramines. Those con- 
taining one or more secondary nitramino groups 
were prepared either by the catalytic dehydration of 
the amine nitrates of the appropriate aminoalcohols or 
by alkylating a primary nitramine, such as ethylene- 
dinitramine, with an alkylene oxide. 

The two last-named procedures led to three groups 
of nitramine-nitrate esters :74%>7 


КОШКА analogs, (O,NOCH(R)CH,) NNO... 


2. N-Alkyl analogs of NENA, (O,NOCH(R)CH.,- 
N(R)NO.,. 


9. Compounds derived from ethylenedinitramine. 


NO, NO, 


O,NOCH (R) CH,NCH,CI;NCH,CH (R)ONO, 


Of the nitramine-nitrate esters prepared 1n these ways, 
DINA, butyINENA, cyclohexyINENA, and, perhaps, 
bis (2-nitroxyethyl)ethylenedinitramine have shown 
the most promise as explosive plasticizers. ‘The nitra- 
mine-nitrate esters as a class are not so satisfactory 
as КОХ or Haleite for use as high explosives. 


IThe true methylenedinitramine had been obtained in an 
entirely different way by British workers.?3 


1.6 ALIPHATIC AND AROMATIC 
NITRO COMPOUNDS" 


1.6.1 


Aliphatic Nitro Compounds 


Recent industrial developments have made several 
simple nitroparaffins commercially available. These 
volatile, liquid nitroparaffins are not themselves suit- 
able as military high explosives. They have been used, 
however, as starting materials for the preparation of 
more complex polynitroparaffins which might reason- 
ably be expected to have military applications. In this 
synthetic program a number of previously known poly- 
nitroparaffins were made by improved techniques and 
some new compounds were made by well-established 
methods.” None of the compounds prepared was of 
immediate interest. Those compounds which were 
promising could not be prepared by a practical pro- 
cedure, Those compounds which could be prepared 
with any facility were disqualified as high explosives 
for one or more of the following reasons: (1) low 
melting point or high vapor pressure, (2) insufficient 
power, (3) lack of stability, (4) acidity due to the 
presence of a-hydrogen atoms. 

Much time was spent on unsuccessful efforts to 
synthesize tetranitroneopentane, C(CH,NO,),, and 
2, 2, 9, 5-tetranitrohexane, CH,C(NO,) ,CH,CIT,C- 
(NO,),CH,. From the difficulties encountered in 
these attempts and in less extensive efforts on related 
compounds, 1t 1s a reasonable prediction that the de- 
velopment of satisfactory syntheses of polynitroparaf- 
fins suitable for use as military high explosives will 
ре a long-term project dependent for its success on a 
very considerable Increase in our knowledge of the 
chemistry of the simple nitroparaffins and their de- 
rivatives. 

Three simple polynitroparatlins have received some 
attention 1n the laboratory. Nitroform (trinitrometh- 
ane) was prepared by procedures described 1n the 
literature, and some of its reactions were explored in 
preliminary fashion; the condensation with formalde- 
hyde to furnish trinitroethanol was successtul.*? Tet- 
ranitromethane was also prepared by methods avail- 
able in the open literature.*® The preparation of 1,2- 
dinitroethane from ethylene and nitrogen dioxide was 
investigated rather carefully; the maximum conver- 
sion was 3596. 1,2-Dinitroethane was of interest not 


m This section is constructed from material furnished by S. 
R. Aspinall, Marvin Carmack, and Frank H. Westheimer. 


"The reader is referred to the original reports for the names 
of the large number of compounds prepared.76,7? 
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in itself but as an intermediate in the preparation of 
Haleite (see Section 1.3). 

Nitroethylene polymer was also prepared (see Sec- 
tion 1.8). Its explosive properties are very inferior. 


1.6.2 Aromatic Nitro Compounds 


Work with the aromatic nitro compounds has dealt 
both with preparative procedures for individual com- 
pounds and' with the mechanism of the preparative 
reactions. 

Attempts to improve the preparation of trinitro- 
benzene (TNB) did not lead to useful results. The 
synthesis of IND from furoie acid, via mucobromic 
acid and nitromalonic aldehyde, was re-examined. Al- 
though the yield in the first reaction was improved, 
the yields in the second and third reactions could not 
be increased and the overall yield was only about 5% .° 
A successful laboratory procedure was developed for 
converting picryl chloride to TNB by reducing the 
chloride in aqueous alcoholic solution with copper 
powder. The yield of TNB 1s 77%, and the copper 
can be recovered and used again. An alternative pro- 
cedure. the hydrolysis of trinitrobenzenesulfonic acid, 
did not work." 

A process for the nitration of benzene and toluene 
in the absence of sulfuric acid was examined. In this 
process, Water initially present or formed in the reac- 
tion is removed by azeotropic distillation. The econ- 
omies claimed for the process were not realized in 
the trials. Another process envisaged for the nitra- 
tion of aromatic compounds in the absence of sulfuric 
acid involved the use of concentrated perchloric acid 
as the reaction medium. Work toward this end was 
limited to an attempt to devise an analytical method 
for determining the extent of nitration of samples of 
reactants sufficiently small to permit the safe use of 
concentrated perchloric acid. A micro-Kjeldahl pro- 
cedure gave satisfactory results with mixtures of 
known composition but failed when it was applied 
to rate studies. A study of the kinetics of nitration 
of nitrobenzene, diitroxylene, dimitromesitylene, and 
other aromatic nitro compounds dissolved in sulfuric 
acid showed that the reaction between nitric acid and 
nitro compound was second order, and that the rate 
constant depended on the sulfuric acid concentra- 
Gon. This constant is a maximum for solutions con- 
taining about 90% sulfuric acid: 1t is only one-sixth 
as great in 100% sulfuric acid and less than one- 
thousandth as great in 80% acid. Added materials, 


Unsuccessful attempts to prepare TNB from 8-nitroethanol 
and from nitroacetaldoxime are described in reference 80. 


such as sodium bisulfate, affect the rate in the way 
which would be predicted from their effect on the 
acidity of the medium. Large quantities of nitric 
acid affect the acidity of the medium so as to make it 
approach the optimum for nitration. The position of 
the maximum rate is only slightly dependent on the 
temperature. The introduction of à nitro group into 
the aromatic nucleus decreases the rate of nitration 
by a factor of about 10°. 

Presumably the mechanism of nitration involves 
a reaction between the substance to be nitrated and 
the NO? ion. It has been shown by an indicator 
method that the tremendous difference in nitration 
rates when 80 and 90% sulfuric acid solutions are 
used is due to the change in concentration of the ionic 
intermediate, NOY. Since the formation of NO? 
from the nitric acid. controls the nitration rate, the 
maximum rate should and does occur at the same 
concentration the nitration of 
nitrobenzene, 4.6-dinitro-1,9-xvlene, and dinitrome- 


of sulfuric acid in 
sitvlene. 

Solubility effects restrict somewhat the application 
of these conclusions to the large-scale preparations 
of aromatic nitro compounds. 

The conclusions reached 1n the report just reviewed 
were confirmed by a study of the preparation of trini- 
ітосіћуЊеплепе (TNEB).** Ethylbenzene was ni- 
trated quantitatively to dinitroethylbenzene. The rate 
of nitration of dimtroethylbenzene to TNEB is af- 
fected by the same factors which were found to be 
operative in the analogous aromatic nitratious de- 
scribed above. The maximum yield of TNEB was 
80%. The principal cause of loss was oxidation of 
dinitroethyIbenzene by nitric acid. No method of de- 
creasing this loss was discovered. 

The preparation of the polynitronaphthalenes was 
studied 1n some detail because of the availability of 
naphthalene as a raw material. If it were possible to 
nitrate naphthaleue economically to furnish explosives 
comparable with TNT, these products would consti- 
tute a welcome wartime addition to the supply of high 
explosives. Since the power of 1,5,8-trinitronaphtha- 
lene in the ballistic mortar is only 83% of that of 
TNT, while the power of 1,5,6,5-tetranitronaphtha- 
lene is 101% of that of TNT, it 1s essential to be able 
to nitrate naphthalene to tetranitro derivatives if the 
products are to be useful. 

Methods were first developed for the preparation 
of pure trimtronaphthalenes, then the nitration of the 
pure trinitro compounds was studied. With the infor- 
mation thus obtained, procedures were developed for 
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preparing. tetramitronaphthalenes from 1-nitvronaph- 
thalene. mixtures of dinitronaphihaleues, or nuxtures 
of trmitronaphthalenes. These procedures unfortu- 
nately do not hold much practical promise, for the 
yield of ietranitronaphthalenes never exceeds 50%, 
and an excess of 3 to 4 moles of mtric acid over the 
amount theoretically necessary is always consumed 
in the process. The two disadvantages are apparently 
causally connected: the low yield of tetranitronaph- 
thalenes is a result of loss by oxidation reactions, aud 
the high consumption of nitric acid is a result of its 
use as the oxidizing agent in these reactions. 

The following preparative procedures were devel- 
oped. The yield is given in parentheses following the 
паше of the product. 

Naphthalene to 1-mtronaphthalene (94 to 98% ). 

1 - Nitronaphthalene to 1, 5 - dnitronaphthalene 
(30% ) and 1,8-dimitronaphthaleue (80%); yield of 
mixed dhnitronaphthalenes, 9567 . 

1 - Nitronaphthalene to 1,3.8 - trinitronaphthalene 
(3396) ; yield of mixed trinitronaphthalenes, 94%. 

1.5-Dinitronaphthalene to 1,4.5-trinitronaphthalene 
(41%); yield of mixed. trinitronaphthalenes, 94%. 

1,5 - Dinitronaphthalene to 1,4,5,8-tetranitronaph- 
thalene (34%) and 1,3,5,8 - tetranitronaphthalene 
(14%). 

1.5,8-L'rimitronaphthalene to 1,5,6,8-tetvanitronaph- 
thalene (50%) and 1,3,5,8 - tetranitronaphthalene 
(3%). 

1.4,5-Trinitronaphthalene to 1,4,5,8-tetranitronaph- 
thalene (36%) and 1,5,5,8-tetranitronaphthalene 
(15998). 

]-Nitronaphthalene to a mixture of tetranitronaph- 
thalenes (50%). 

Methods of separation and analysis of the nitration 
products were worked out; some addition compounds 
of 1,9,8-tritronaphthalene, апа 1,3,5,8- and 1,3,6,8- 
tetranitronaphthalene are described ; and the behavior 
of 1,8-dinitronaphthalene, 1,5,8-trinitronaphthalene, 
and 1,3,6,8-tetramtronaphthalene toward fuming sul- 


Саас reported.” 


195 Oxynitration of Benzene to Picric Acid 


The direct conversion of benzene to picric acid, 
usually referred to as the oxynitration of benzene, has 
been studied both as a preparative procedure and with 
respect to the mechanism of the reactions mvolved. 
The work was undertaken in the fall of 1942 when it 

PIn practice the principal product of the process 15 either 


dinitrophenol or picric acid according to the experimental 
conditions employed. 


appeared that there might be a shortage of phenol for 
the preparation of preric acid and, fron: it, ammoniuni 
picrate.4 The work was successful in that procedures 
were developed for the direct. conversion of benzene 
to реле acid which are at least as efficient as, and 
probably more efficient. than, either the nitration of 
phenol or the indirect preparation of picric acid. from 
benzene via chlorobenzene; and the mechanism of 
the reactions involved is well understood. The process 
was never put into commercial operation, as the 
phenol shortage which had been feared did not occur. 
However, the process has been developed to the extent 
that it must be considered as a serious potential rival 
to the alternative processes and, before any expansion 
of dinitrophenol on picric acid production is under- 
taken, the oxynitration process should be evaluated 
iu the pilot. plant. 

The oxynitration of benzene and other aromatic 
hydrocarbons was discovered and patented by Wolffen- 
stein and Boters in. 1906.*? Their procedure involved 
the treatment of benzene with aqueous nitrie acid 
contaumng mercurie nitrate. Although much attention 
has been devoted to the oxynitration procedure almost 
since its original disclosure, it was ouly with the work 
of Division 8 that the method was developed to the 
point where at could compete with alternative proc- 
esses. In describing this work we shall, first, discuss 
the preparative procedures aud theu discuss the mech- 
йїп of the reactions Involved. 

А eritical study was made of the effects of the nu- 
merous variables, епо acid strength, rate of 
addition of benzene (effective benzene concentration), 
concentration of mercuric nitrate, temperature, time, 
effect of nitrogen oxides, and effects of other added 
substances. 

The two variables of greatest importance are the 
concentration of nitne acid and the effective concen- 
tration of benzene (that is, benzene dissolved 1 the 
oxynitration solution). The optimal concentration of 
nitric acid 1s in the range 10.4 to 11.6 M (or the 
equivalent of 50 to 55% by weight for pure acid). 
The acid concentration greatly influences the overall 
rate of reaction; below 10. J/ the rate falls off rap- 
idly, while above 10.4 Af the rates of both the oxyni- 
tration reaction and various side reactions, such as di- 
rect nitration, increase rapidly. The range mentioned 
above seems in general to give the lowest proportion of 


AEarler, a Canadian’! procedure for the oxynitration of 
benzene by treatment with nitric acid together with mercuric, 
manganese, and aluminum nitrates was checked. The yield of 
picric acid was 5092.58 
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neutral nitro compounds to mtrophenols with, at the 
ваше time, an adequate rate of oxymitration. It is 
essential to fortify the oxvnitration solution at fre- 
quent intervals or, preferably, continuously. Fortifica- 
tion with 95 to 98% nitric acid is particularly advan- 
tageous since 1t results in a smaller increase in reac- 
tion volume than does the use of more dilute acid: 
the use of absolute nitric acid does not require any 
special modifications of procedure except avoidance 
of direct contact of the strong acid with liquid 
benzene. 

The effective benzene concentration is probably the 
most eritical variable affecting the proportion of neu- 
tral nitro compounds to mtrophenols and also the 
formation of colored by-products. Vigorous agitation 
of excess benzene, keeping the oxynitration solution 
nearly saturated with benzene. leads to poor yields of 
nitrophenols, high yields of nitrobenzene and dinitro- 
benzene, and the formation of highly colored impu— 
rities which are difficult to remove from the products. 
In batch runs it was found that the results differ 
greatly 1f all the benzene is added m one portion or 
if it is added slowly over a considerable period. The 
vields of nitrophenols increase sharply, then level 
off and become constant as the time of dropwise addi- 
tion of benzene is increased. The addition of small 
slugs of benzene at regular intervals was found to be 
as satisfactory as continuous dropwise addition, pro- 
vided the rate of addition is carefully adjusted so as 
not to exceed the optimum rate of oxynitration for the 
particular set of conditions. In a vigorously stirred 
solution the benzene concentration is certainly deter- 
mined very largely by the rate of conversion of ben- 
zene to intermediates; in batch runs, therefore, the 
rate of addition of the benzene is the important vari- 
able to control, and an excess of undissolved benzene 
must be avoided. 

In ruus with moderate stirring and an excess of 
benzene phase, the degree of agitation becomes а vari- 
able, since it partially determimes the rate at which 
benzene dissolves in the oxynitration solution. The 
mere presence of a separate benzene phase is not m 
itself deleterious except when the dispersion of the 
benzene phase through the aqueous acid solution 1s 
such that the oxynitration solution is kept nearly 
saturated at all times. Good yields have been obtained 
In runs m which a benzene phase floated upon an 
unstirred reaction mixture. In the continuous extrac- 
tion process to be described later а considerable 
amount of liquid benzene is always present but 15 
dispersed in the form of droplets which rise rapidly 


throngh the oxvnitration solution, dissolving to some 
extent but not necessarily rapidly enough to saturate 
the solution, When benzene is injected into an un- 
stirred oxynitration solution by a device such as a 
fritted disk or through capillary tubes, the size of the 
dispersed droplets as well as the rate of addition of 
benzene become Important variables affecting the 
yields and ratios of products. 

Lhe concentration of mercuric nitrate catalyst aft- 
fects the rate of oxvnitration, the rate being approxi- 
mately proportional to the catalyst concentration when 
other factors are constant. Over a fairly wide rauge, 
the catalyst concentration does not appear to be a 
critical variable. Concentrations of 0.57 to 0.5 mole of 
meranie nitrate per liter of oxynitration solution have 
been found to give satisfactory results in most cases. 

The reaction. temperature does not appear to be a 
critical variable except as it affects the relative rates 
of the various reactions, A higher proportion of nitro- 
benzene may be formed at higher temperatures. The 
overall rate of oxynitration increases by a factor of 
about 1.8 to 2 for each 10 C rise in temperature. At 
the boilmg pomt of the oxynitration mixture, the 
nitration of DNP to PA gives only about an 80% 
vield ; it is therefore obviously an advantage to isolate 
DNP under relatively mild oxynitration conditions, 
then to nitrate that product separately in a nitric-sul- 
furic acid mixture when the yield of PA exceeds 95%. 

The presence of some mtrogen oxides 1s essential 
for the occurrence of the oxvnitration reaction. If 
oxides of nitrogen are destroyed or prevented from 
forming by the addition of urea, the benzene is sunply 
converted to phenylmerenric nitrate and polymera- 
rated derivatives of benzene. On the other hand, a con- 
centration of nitrogen oxides approaching saturation 
is very unfavorable and leads to poor yields of mitro- 
phenols aud the formation of dark colored by-prod- 
ucts. The nitrogen oxide level equivalent to the pres- 
ence of 0.05 M nitrous acid in 50% acid is estimated 
to be approximately the optimal concentration for the 
oxynitration reaction. Because of the experimental 
difficulties, little effort has been made to control this 
variable; it would appear to be a promising point for 
further investigation. 

The use of alummum nitrate 1n the low concentra- 
tions recommended by the Canadian investigators does 
not appear to have any influence on the oxynitration 
process. 

Manganous nitrate, recommended by the Canadian 
investigators as a catalyst for the oxynitration and 
also for the destructive oxidation of oxalic aeid, has 
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little effect. in Jow concentrations. In coneentratious 
of 0.5 J or higher it has a definite catalytic action 
on the rate of formation of. DNP and the oxidation 
of oxalie acid: untortnnately, 1t also seems to catalyze 
the formation of nitrobenzene and the nitration of 


DNP to Dx. 


PREPARATORY PROCEDURES 
Four laboratory procedures, two batch and two con- 
tinuous, have been developed for the oxvnitration. In 


the first Datch process?! 


one liter of solution 15 used 
for the oxvnitration of approximately 70 е of benzene. 
The sohition 18 originally 10.65 J/ in nitric acid. and 
0.07 Л in mereurie nitrate. Approximately 120 ml 
of 98% nitric acid 18 used to fortify the solution. The 
reaction tine is 6 hours at 50 C. The benzene balance 
ТОЕ а run is as follows: 
Benzene as dinitrophenol 


Benzene as picric acid 


OS d$ AP MR. л 
4.0%, О. 


Benzene as nitrobenzene 7.8% 
Benzene as o-dinitrobenzene 1.0% 
Benzene as p-dinitrobenzene 0.7% 
Benzene as 2,4,2’,4’-tetranitrodiphenylamine 0.5% 
Benzene as carbon dioxide 9.7% 
Benzene as oxalic acid 2.5% 
Benzene not accounted for pope 


These yields were based on the benzene which re- 
maimed m the reaction flask. In а typical run about 
1.990 of the benzene introduced was lost by volatiliza- 
tion. This loss can be reduced by more efficient cool- 
ing and by absorbing the volatilized. benzene in oxy- 
nitrating solntion. The oxvimtration solution after 
this reaction can be fortified to its original strength 
and nsed for a second run; this fortification and reuse 
can be repeated several times 1f appropriate methods 
аге used to separate the picric acid and dinitrophenol 
from the neutral by-products which accumulate. 

The second batch process—the batch extraction 
process—differs from the one just described in that, 
at the end of the 6-honr reaction period, a large excess 
of benzene 1s introduced with vigorous stirring. After 
the added benzene has dissolved the reaction products, 
the benzene solution is withdrawn and the aqueous 
solution is used to oxynitrate a fresh charge of ben- 
zene. On the assumption that a constant (predeter- 
mined) weight of benzene remains m the reaction 
after each extraction, 1t 1s possible to determine the 
yields; they are thus found to be comparable with 
those in the simple batch procedure described above. 
The process cannot be operated indefinitely without 
adding manganous nitrate to catalyze the oxidation 
of oxalic acid, which otherwise accumulates and pre- 
cipitates as mercuric oxalate. When manganous nitrate 


is added it cases a slight merease in the production 
of nitrobenzene at the expense of the mitrophenols aud 
increases the ratio of pieric acid to dinitrophenol. Ii 
a {ушел run wr 10.65 ос acid, 0.37 ine 
силе nitrate, and 0.56 JM. manganous nitrate, the 
vields were 54.2% of dinitrophenol, 13.9% of pieric 
acid, and 10.7% of nitrobenzene. 

The first continuous process, known as the continu- 
ous solution process, operates on the following cycle. 
The oxynitration solution is saturated with benzene by 
vigorous agitation with excess benzene at room tem- 
perature: the saturated solution 18 separated from 
excess benzene and circulated throngh a heated coil: 
it is then cooled to room temperature and agitated 
again with benzene, which extracts the organic prod- 
ucts and resaturates the oxynitration solution. In 
evaluating this process, the rate of formation of dini— 
trophenol per liter of reacting solution in the coll is 
determined; 70 g of dimtrophenol per Liter per hour 
is representative performance. 

The second continuous process, the continuous ex- 
traction process, involves the use of a continuous 
liquid-liquid extractor and an excess of benzene to 
remove the reaction products.?? In steady-state opera- 
tion this process will produce nitrophenols at a rate 
equivalent to 31 g of dmutrophenol per liter of oxy- 
nitration solution per hour. The yields of dinitro- 
phenol, реле acid, and nitrobenzene are 44.1%, 
29.2%, and 659%, respectively Hagher rates of oxy- 
nitration are. possible, but the concentration of man- 
ganous nitrate necessary to bring about oxidation of 
the oxalie acid formed favors both the formation of 
nitrobenzene at the expense of uitrophenols and the 
formation of pieric acid from dinitroplienol. 

The most successful apparatus consists of a vertical 
cylindrical reactor equipped with funnels, condenser, 
outlet at bottom, and a side-arm near the top through 
which excess benzene containing dissolved reactiou 
products can overflow into a separate receiver. "The 
benzene 1s mitroduced into the bottom of the reaction 
mixture through a cluster of 22 capillary glass Jets 
аз a shower of small droplets which mse through the 
solution. The circulation rate is approximately 200 to 
400 ml per hour; the effective reaction volume is 
1,550 ml. No stirring of the solution is used other than 
that resulting from the movement of benzene droplets, 
convection currents. and fortifying acid. This is an 
important feature of the process, «ішсе the degree of 
dispersion of the benzene throughout the solution de- 
termines the rate at which benzene dissolves, and this 
in turn determines not only the rate of oxynitration 
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but also the proportions of products and by-products. 
Fortification with 98% mitrie acid is continuous 
through a device which dilutes and disperses the 
strong acid before it can come directly into contact 
with liquid benzene. The reaction temperature 15 
regulated by means of an external water jacket. 

The benzene droplets rising through the solutiou 
partially dissolve and react while the remaining drop- 
lets extract reaction products and merge 1n a layer on 
the top of the acid solution. From the reactor this 
excess benzene overflows Into a separate flask known 
as an “evaporator,” which is heated in an oll bath 
to distil benzene and nitrogen oxides away from the 
reaction products into a second flask called the 
"boiler." The boiler is also heated to redistil the ben- 
zene through a condenser back again to the jets 
through which it is reintroduced into the oxynitration 
solution. The "evaporator" flask can be replaced with- 
out interrupting the operation of the reactor. 
tEACTION MECHANISMS 

The mechanism of the oxyimetration reaction has 
been shown to be the following :*? 

CH, + Hg(NO,),—C,H;HgNO, + HNO, (4) 
C,IH,HgNO, + N,0,—»C,H;NO + Ig(NO,). (5) 
The nitrosobenzene formed in reaction (5) is converted 
to mononitrophenol by two different paths. The first, 
reactions (6), (7), and (8), goes through a diazoniun 
salt. 

CHNO + 2N O—s( INNO, (6) 
CHN. NO, + H,0—9C,HZOII-I- N, + TNO, (7) 
C,H,OH + HNO, 2953 0,NC,H,OH -- H,0 (8) 
5 ? 2 
The second, reaction (6), Involves oxidation and re- 
arrangement, 


(HNO S93 o, Nc HOI 


oxidation and rearrangement 


(9) 





Тһе nitrophenol, formed either m reaction (8) or 


reaction (9), 15 then nitrated further. 


0,NC,H,OH + HNO, > 
(O,N),C,H,OH + H,0 
(0,N),C,H,0H + HNO, NO? 
(ORD EOE + H,0 


(10) 


(11) 

In solutions where the nitrite concentration is high 
and the nitric acid concentration is low, reactions 
(6). (7), and (8) take place; In solutious where the 
nitrite concentration is low and the nitric acid con- 
centration 1s high, the oxynitration goes by way of 


reaction (9). The particular oxides of nitrogen speci- 
fied 1n these reactions may be in error; frequently the 
reactions can be balanced on the assumption that more 
than one oxide of nitrogen is the active reagent or 
catalyst, 

The experimental evidence for this mechanism is 
as follows. In the presence of urea, the concentration 
of nitrite in nitric acid is kept low. Under these con- 
ditions, a solution of mercume nitrate in nitric acid 
converts benzene to the equilibrium mixture (4) con- 
taming phenylmercuric ion. This ion was identified 
by precipitation as phenyhnercuric chloride. The equi- 
librium between benzene, mercuric nitrate, phenyl- 
mercuric nitrate, and nitric acid was approached from 
both sides, and the same value of the equilibrium con- 
stant obtamed. Finally, the rate of mercuration of 
benzene by mercuric nitrate m the presence of urea 
Was measured m nitric acid of varving concentration : 
the rate of the mercuration reaction was closely the 
same as the rate of the overall production of dinitro- 
phenol in the oxvnitration 9??? 

In the absence of urea or, more accurately, in. the 
presence of nitrite, phenylmereurie nitrate reacts to 
form nitrosobenzene [equation (5)]. Part of the evi- 
dence for this step in the mechanism was supplied by 
the Isolation of nitrosobenzene from the reaction mix— 
ture of phenylmercuric nitrate and nitrite mn nitric 
acid solution.99b 

In dilute nitric acid, nitrosobenzene further reacts 
with nitrite to form pheuvldiazonium nitrate [equa- 
tion (6) J. The diazontum salt could likewise be pre- 
pared by the action of nitrite on phenyilmercuric ni- 
trate [equations (5) and (6) ]. This was demonstrated 
by isolating p-dinethylamimoazobenzene. а coupling 
product of the diazonium salt with dimethylaniline, 
in 738% yield. The rate of formation of the diazonium 
salt in dilute nitric acid solution was measured starting 
both from phenvlInercuric nitrate and from nitroso- 
benzene. The rate of reaction from the latter com- 
pound followed a simple first-order reaction curve: 
whereas the rate of reaction, starting from the former, 
showed an induction. period. which could unambigu- 
ously be correlated with a two-step reaction, where both 
steps had approximately the same rate. The identifica- 
tion was definite because the rate of the second step 
[the conversion of mtrosobenzeue to the diazonium salt, 
equation (6) ] was independently determined. 

In more concentrated nitric acid solution it was no 
longer possible to isolate a good yield of diazontum 
salt. The oxynitration nevertheless proceeded smooth- 
ly and gave better overall yields than in more dilute 
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solution. Since identical vields of diazonium salt were 
always obtained from phenylmercurie mirate and from 
nitrosobenzene under all experimental conditions, it 
is very probable that nitrosobenzene is formed from 
phenyimercuric nitrate even in concentrated nitric 
acid solution. Ou the other hand, in concentrated 111- 
tric acid the vield of 2,4-dinitrophenol from phenyl- 
mercuric nitrate is greater than from phenyldiazo- 
nium nitrate, so the latter cannot be an Intermediate 
under these conditions. A rearrangement of nitroso- 
benzene analogous to that of phenyllydroxylannne to 
p-aminoplienol appeared possible. This rearrangement 
would be accompanied by or followed by an oxidation. 
That such a rearrangement actually occurs was made 
very probable by studying the reactions of o-nitroxo- 
toluene. In dilute nitric acid in the presence of nitrite 
and mercuric nitrate. this compound forms a diazo- 
nium salt and is finally converted to 4.6-dinitro-o- 
crexol. in conformity with the predictions of the dia- 
gonium salt mechanism [equations (6), (7), (8) J. 
But in more coucentrated nitric. acid solution, no 
diazonium salt is formed, aud o-nitrosotoluene 18 con- 
verted in excellent vield to 2.4,6-trimitro-m-cresol. In 
this reaction, it is apparent that the hydroxyl group 
has taken up a position para (or possibly ortho) to 
the original nitroso group. 


CIT, 
O,N / NNO, 


CH, 
NO 


ПО 
NO, 


=> 


The subsequent. nitration of the partially nitrated 
phenols takes place at rates consistent with the as- 
sumption that they are intermediates iu the reaction. 
The presence of certain by-products?"* has [likewise 
been explained, and is consistent with the mechanism 
advanced, 

A related study?! dealt with the mechanism of ni- 
trite catalyzed nitrations of phenol and the nitro- 
phenols. To this end, the equilibrium among HNO,, 
hoes, NO, and N.O, was studied in solu- 
tion by means of a crude spectrophotometer (Cole- 
man). N,O, absorbs heavily in the region around 
6.000 to 7.000 А and around 4,000 A, whereas NO, 
absorbs only in the region around 4,000 to 5,000 A. 
The two oxides of nitrogen cau therefore be distin- 
cuished, and it is possible to analyze for each in the 
presence of the other. The ways in which the concen- 
trations of these compounds vary with change in the 
concentration of gross nitrite (nitrous acid by titra- 


tion) and with the concentration of nitric acid were 
determined. It was found that the concentration of 
N.O, varied roughly as the square, the concentra- 
tion of NO, with the square root, of the gross nitrite 
concentration. With increase in the concentration of 
nitric acid at constant gross nitrite concentration, the 
amount of NO, increases sharply: the amount of 
NO 1s less affected. 

Next the rate of nitration of phenol and of the ni- 
trophenols was determined. Roughly speaking, the 
rate of nitration of p-nitrophenol increases 70-fold 
as the nitric acid concentration is increased from 10 
to 60% ; there are similar increases for the other 
phenols studied. The rate of nitration varies roughly 
ах the square root of the gross mtrite concentration, 
Phe effect of change in nitrous and nitric acid con- 
centrations on the rate of nitration parallels. the 
affect of these changes on the concentration of NO,, 
and it therefore becomes probable that NO, is the 
active catalyst in the nitration of phenols. It was also 
noted that the nitration of anisole, catalyzed by oxides 
of nitrogen, resulted in the loss of the methyl group 
to give dimitrophenol as the product. On the basis of 
these facts, a tentative mechanism for the nitration 
of phenols was advanced. 

No explanation was advanced for the considerable 
decomposition which accompanies the mononitration 
of phenol. 


1 NITRATE ESTERS 


Work in this field has been confined to a very few 
substances тапа, with one exception, has dealt with the 
preparation of the alcohols to be nitrated rather than 
with the preparation of the nitrate esters themselves. 

A survey of the literature showed neither natural 
sources nor preparative methods which could be devel- 
oped in any reasonable time to furnish significant 
amounts of ervthritol or its stereolsomers,?^ No ex- 
perimental work was done. 

The preparation of anhydroeuneaheptitol was im- 
vestigated as the first step in a study of its pentam- 
ШООК 

(O,NOCIL,) C= = ШЕ 


O,NOCH © 


(O,NOCH,),C-——CH, 
I 


"Twelve sugar alcohols and glycosides were prepared for the 
determination of their heats of combustion and their behavior 
on nitration, but no further work was done with them.” 
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A procedure was developed which pernutted the prep- 
aration of anhydroenneaheptitol in 50 to 5756. yield 
from formaldehyde and acetone. The reaction must 
be run at high dilution, which makes 1t necessary to 
evaporate a large volume of water order to Isolate 
the product. Further, only about one-half of the prod- 
uct can be isolated as such: the remainder is obtamed 
bv converting the material to its dibenzylidene deriva- 
tive and then hydrolyzing this derivative.?* No further 
but the 
material obtained in the preparative study was nil- 
trated and the explosive properties of the nitrate were 
determined. Anhvydroenneaheptitol pentanitrate has 
an Impact sensitivity comparable with that of RDX; 


work was done with anhydroenneaheptitol, 


its power in the ballistie mortar is 137% ol that ot 
TNT, or about midway between tetryl and RDA. 

A study of the preparation of pentaerythritol, РЕ, 
from formaldehyde and acetaldehyde showed that the 
vield of crude РІ is about 10% greater when the 
suspension of 


98 


aldehydes are added to an 


calcium hydroxide, than when lime 1х added to the 


aqueous 


aldehydes. The preferred procedure furnishes a 66 to 
6866 vield of crude PE; this product assays about 
560. РЕ, so that the vield of pure PE 1s about 58%. 
A number of have been recom- 


promoters, which 


mended for the reaction, were tried and found to be 
of no value. А bibliography and description of the 
methods of preparation of PE reported in the litera- 
ture are included m the report of the work." 

A later of the same reaction confirmed the 
observation that addition of the aldehydes to the lime 
gave better vields of PE than did addition of lime 
to the aldehydes: the latter order of addi- 
tion gave а PE of better quality, Acetaldchyde can be 


study 


however, 


replaced by crotonaldehyde without lowering the qual- 
ity of the PE, 
can be replaced by aldol without lowering either the 


but with a loss in vield : acetaldehyde 


Aldol is more convenient to use 
Only slight 
and quality of PIZ resulted when paraformaldehyde 


quality or the vield, 


than acetaldehyde. differences in vield 


was substituted for formalin. Paraformaldehyde ab- 
sorbs heat on depolymerization and this makes the 
control of temperature easier. By adding hme to the 
mixture of aldehydes. а 60 to 67% yield of PE which 
is 92 to 95% pure is obtamed ; by adding the alde- 
hvdes to the Hime a 65 to 68% yield of PE which 1s 
31 10 854% pure is obtained. Phe importance of the 
second exothermic reaction, presumably the destruc- 


A detailed 


the assay of crude PE by means of its 


поп of the excess formaldehyde, 18 stressed, 
procedure for 
hbenzylidene derivative is described??? 


CONTENTION 
4 


The single nitrate ester whose preparation has been 
studied in detail is Fivonite [2,2,5,5- (mae л 
clopentanone tetranitrate ИШЕ ], substance de- 
seribed in the chemical journals and in patents before 
the war. 5 "The interest of Division 8 
ral was twofold: 


in this mate- 
as a hgh explosive which might 
replace TNT in mixed explosives analogous to Com- 
position b, Ednatol, and Pentolite, and as a substitute 
for mtroglvcerin in double-base powders. 

Fivonite 15 a solid melting at 68 С; 
isfactory stabihty; its impact sensitivity is between 
those of RDX and tetryl its power is comparable with 
that of Себу: and the starting material for its syn- 
thesis Is not in demand for the preparation of either 
INT or synthetic rubber. Tests on mixtures of Fivo- 
mte with RDA, Haleite, and PETN showed that these 


mixtures were more powerful and more brisant than 


It possesses sat- 


the corresponding mixtures made with TNT, but this 
improved performance was offset by Increased sensi- 
of nitroglye- 
erine as a plasticizer for mtrocellulose in double-base 


tiveness. ®* The use of Fivonite m place 


powder proved successful, but a competitive material, 
DINA, proved to be more satisfactory than Fivonite 
(see Section 6.7, Albanite Powders). As a result, 
Fivonite was not used. The synthetic procedures de- 
scribed in the following paragraphs, however, make 
it available If a demand should arise. 


() 
| 
C 


(ПОСИ). TM OF 


CH,—CH, 
(П) 
0) 
| 
e 


(Ой ООШ Уу C(CH4ONO), 


GIL,—CTE 
(LIT) 
Fivonite is prepared from cyclopentanone by means 
ol two reactions. 

Purified cyclopentanone is mixed with formal- 
dehyde, as 37Q% formalin, the ratio of 1 mole to 
4.2 moles. Sufficient freshly prepared calcium hydrox- 
ide is added to bring the pH of the reaction mixture 
to 9, and additional caletum hydroxide is added as 
necessary to keep the pH at this value. The reaction, 
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whieh is exothermic, is complete in (wo hours, The 
base is neutralized with hydrochloric acid and the 
product, Fivone, 2.2,5.5-tetramethyloleyelopentanone 
(11). is isolated in 90 to 95575. yield by vacuum drying 
on the steam bath. This product is suitable for the 
nitration. 

2. Fivone, powdered to pass a 4 to 6 mesh sereen, 
is added portionwise to six weights of 98% nitric 
acid, stirred and cooled to 10 C. The reaction is mildly 
exothermic. After 30 minutes the reaction 1s drowned 
in about 4 weights of chipped ice with stirring. The 
product, Fivonite, is stabilized by stirring under hot 
water, adding sodium carbonate to neutralize the аста. 
cooling, and decanting the water from the solidified 
Eivonite. The yield of once-stabilized product is 95%. 
The procedure fnrnishes 4.3 pounds of onee-stabihzed 
Fivomte per pound of eyelopentanone.!*? 

The svnthetie work deseribed above was done with 
cyclopentanone prepared from адре acid. In order 
to make Fivonite available in quantity, a synthesis 
from petroleum cracking fractions was developed.*°® 
This synthesis mvolves the following steps: 

1. Dehydrogenation of eyelopentane to eyelopenta- 
diene. 

2. Hydrogenation of evelopentadiene to cyclopen- 
tene. 

3. Hydration of evelopentene to eyclopentanol. 

4. Dehydrogenation of eyclopentanol to eyclopenta- 
none. 

9. Condensation of cyclopentanone and formalde- 
hvde to Fivone. 

The overall yield of lFivone is 57% based on evelopen- 
tane, and plans are available for a pilot plant capable 
of producing 23,000 pounds of Fivone per day. 

In order to duplicate a German rocket powder, 
some 500 pounds of diethylene glycol dinitrate 
(DEGN) were prepared from diethylene glycol. No 
difficulty was experienced. in intvating the glycol in 
8.6-pound lots with a nitric acid ratio of 1.85 at a 
temperature of 50 F. The yield of washed neutralized 
DEGN was 75%. On the basis of this work there 
seems to be no reason why the large-scale manufacture 
of DEGN should not be techmeally feasible.'?* 


1.8 EXPLOSIVE AND COMBUSTIBLE 
POLYMERS: 


In some of the carly projects undertaken by Divi- 
sion 8, several problems arose which appeared to call 


*'This section is constructed from a summary prepared by 
Ralph Connor. 


for binders of polymeric materials. уреа uses for 
such materials would be as binders in tracer and igniter 
compositions and composite propellants and as sub- 
stitutes for charcoal in time-mneg fuzes. For such uses 
it would be desirable to have a series of binders con- 
taining varying amounts of oxygen m the binder 
molecules. In this way binders could be chosen which 
would not semously disturb the oxygen balance of 
the systems in which they were used. Such materials 
were not available, since the synthesis of polymers of 
such strnetures had not been studied. It, therefore, 
seemed worth while to sponsor scouting work in this 
field. A brief study was made at the Unversity of 
Minois and a much more comprehensive one by the 
Коп & Haas Company. Research was terminated 
when a wide variety of polymers had been prepared 
with a considerable variation in physical properties. 
At that time, it seemed advisable to make these mate- 
rials available for studies in mixtures before going 
further with the preparative research. Unfortunately, 
urgent projects have prevented the full evaluation of 
these materials ах binders in explosive and propellant 
compositions. 

In addition to the general work mentioned above, 
a specifie request was received for a study of the 
mtromdene polymer (NIP) developed in Great Brit- 
am. Samples of this material were prepared at the 
University of Pennsylvania and submitted to Pica- 
tuny Arsenal for tests as a substitute for charcoal 
in time-nng fuzes. NIP proved to have interesting 
properties, but its development has not progressed to 
the stage of service appheations. 

The polymerie matenals for binders were prepared 
in three general ways. 

1. The reaction between à molecule containing ni- 
tro groups and а polymer. See (a) and (е), below. 

2. The mtration of polymeric materials. See (b) 
and (h), below. 

9. The polymerization of materials contamme mtro 
groups. The materials to be polymerized were usually 
obtained by combining a molecule containing nitro 
groups with a second molecule which 18 capable of 
undergoing polymerization. See (d), (e), (f), and 
(g), below. 

By these procedures, polymers’®*1°S71!° of the fol- 
lowing types were prepared. 

a. Pieryl and dimtropheny! ethers obtained by the 
reaction between picryl chloride or 2,4-dinitrochlovo- 
benzene with phenol-formaldehyde resins. Products 
were prepared from phenol, cresol, and p-tert-butyl- 
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phenol. A typical structural unit in one of these 
polymers is shown 1n the formula below. 


NO 


te 


O. N 


b. Nitration products of the above ethers and of 
the polybenzyls. 

с. Azo resins obtained by coupling the diazonium 
salts from picramic acid or 2,4-dinitroaniline with 
various phenol-formaldehyde resins and with abictic 
acid. 


о.м NO, 


OH 





CH, 
On 


d. Polymerized nitrostyrenes. These products were 
obtained from w-nitrostyrene, mi-nitro-o-nitrostyrene, 
l-mtro-2-furylethylene, and by the condensation of 
2,4,6-trinitrobenzaldehyde with nitromethane, and the 
condensation of trinitro-m-xylene with formaldehyde. 

e. Polymerizable esters of trinitrophenylethanol. 
When TNT is allowed to react with formaldehyde 
under appropriate conditions, a high yield of 2,4,6- 
trinitrophenylethanol is obtained. This alcohol was 
esterified with acrylic and other unsaturated acids. 
The resulting esters are readily polymerized. 

f. Nitroalky] esters. Nitro alcohols may be obtained 
by the reaction of nitroparaffins with aldehydes. These 
nitro alcohols were converted to acrylate esters and to 
esters of other unsaturated acids. The esters polymer- 
ize readily. 


g, Products from the reactions of TNT or DNT 
with formaldehyde and amines. These reactions gave 
resinous products when TNT was used with primary 
amines or anunonia. When secondary amines were 
used with either TNT or DNT the products were not 
polymers but were crystalline 8-dialkylaminoethyl 
derivatives of trimtrobenzence. 

h. Miscellaneous resins. These included resins ob- 
tained by the reaction of nitromethane and formal- 
dehyde with amline and nitroaniline. Resins obtained 
by the reaction of formaldehyde with fluorene or with 
phenol and aniline were nitrated. 

Stability and impact sensitivity tests were carried 
out on a considerable number of the products. It may 
be coneluded from the information at hand that it 1s 
possible to prepare polymers which are readily com- 
bustible and which have melting points ranging from 
room temperature to well above 200 C. Products may 
be obtained which have satisfactory stability and 
sensitivity. 

A few attempts were made to use these resins in 
casting compositions containing a high percentage of 
solids and to use nitro esters as plasticizers in solvent- 
less double-base powders.'' Neither of these experi- 
ments showed great promise, but the experiments were 
by no means exhaustive. 


19 MISCELLANEOUS HIGH EXPLOSIVES' 


In this section are included a variety of candidate 
high explosives and intermediates which do not fall 
into any of the categories considered in the preceding 
sections. 


1.9.1 Analogs of Tetryl Containing 


Nitrate Ester Groups ^ 


А number of aminoalcohols have become available 
or potentially available in recent years. Condensation 
of these aminoalcohols with dinitrochlorobenzene fol- 
lowed by nitration furnishes explosives analogous to 
tetryl, but containing, іп addition to C-nitro and 
N-nitro groups, one or more nitrate ester groups. The 
general scheme of synthesis is illustrated with dini- 
trochlorobenzene and ethanolamine.” 


‘This section is constructed from information furnished by 
S. К. Aspinall. 


" Attempts to prepare some of the intermediates by the re- 
action between aniline or the nitranilines and glycerine mono- 
chlorohydrine or epichlorohydrine did not give satisfactory 
results. 
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CI NHCH,CH,OH O,NNCH,CH,ONO, 
NO, NO, ON NNO, 
Ho-NCH-CH-OH 
nd HNO; 
— > 
NO, NO, NO, 


The condensation may be effected by adding the 
aminoalcohol to an alcoholic solution of dinitrochloro- 
benzene and then adding one equivalent of aqueous 
alkali. Alternatively, the two orgame reactants may 
be mixed, then fused. and the melt, after cooling, 
purified by crystallization. Purification of the dinitro- 
chlorobenzene by sweating improves both the yield 
and the quality of the condensation products. The 
structure of the aminoalcohol affects the yield in the 
condensation and dictates the choice of expernnental 
conditions to be used in the condensation. The nitra- 
tion, the second step m the synthesis, can be done with 
mixed acid, but dilute nitric acid alone gives purer 
products in better yields. | 

Two of the products obtained in the work—Heptryl 
(I) and trimitrophenyhsobutylolnitramine nitrate 
(II)—showed promise but were found to offer no 
advantages over explosives already in use. 


CAN (NO,)C(CHLONO,), 


(р) 
(0,N),C,H,N(NO,) C(CH,),CIT,ONO, 
(11) 


192 Aliphatic-Aromatic Nitro Compounds 
and Nitrate Esters " 

Two products (111) and (IV), whose power in the 
ballistic mortar 15 equal to that of tetryl, have been 
prepared. The first of these was obtained by condens- 
ing 3,5-dinitrophenylnitromethane with formalde- 
hyde and nitrating the condensation product. 


O,N 


К > CIL,NO, 4 CH,O—> 


ОХ 
О. 
4 > C(NOJ(CH,OTD, —> 
О.Х 
NO, 


— 


С > C(NO,(CH,ONO,), 


NO, 
(III) 


The second was prepared from trinitrobenzyl bromide, 
either by treatment with silver nitrate or by hydroly- 
sis to (he aleohol and subsequent esterification. 


NO, 
ONC SCH, Br + AgN0,— 


NO, 
NO, 
0,NQ »CH,0NO, 
` NO, 
(IV) 


In the same investigation. the condensation of 
2-nitrobenzaldehyde and 2,4-dinitrobenzaldehyde with 
nitromethane was shown to lead to stable nitroalcohols. 
The nitrates of these alcohols, however, lose nitric acid 
readily on warming 1n solution and furnish nitrosty- 
renes. 


ON — SCHO + CI,NO, —> 


NO, 
ONC SCHOHCH,NO, — 
NO, 
ONO, 
| 
ONC > CHCIT,NO, 
NO, 
ONC SCH=CHNO, 


NO, 


2,4,6-Trinitrobenzaldehyde does not condense with 
nitromethane. 

Also in the same investigation a study was made of 
the Ponzio reaction—the conversion of benzaldoxime 
to phenyldinitromethane by means of nitrogen diox- 
ide. It was shown that the reaction is best run by 
adding benzaldoxime to an ether solution of nitrogen 
dioxide. Attempts to extend the Ponzio reaction to 
o- and p-nitrobenzaldoxime, to 0,p-dinitrobenzaldoxi- 
me, and to 3-nitro-4-methoxybenzaldoxime were not 
successful. 
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Les Nitrofurans? 


Тһе study of the nitration of furans was under- 
taken because a number of furan derivatives are avail- 
able in large quantities, because 2,5-dinitrofuran has 
been reported to be comparable with TNT as а high 
explosive, and because no satisfactory procedure is 
known for the preparation of dinitrofuran or any 
other polynitrofuran. The study showed that, while it 
was usually possible to introduce a nitro group in the 
»-position. of a furan derivative appropriately sub- 
stituted in the 2-position, it was not possible either 
to mtrate mn the 3- and 4-position, or to introduce 
more than one nitro group. Since no furan deriva- 
tives sufficiently highly nitrated to be of interest as 
explosives were obtained, a list of those nitrofurans 
which were prepared and those which could not be 
prepared is not given here. This information 1s avail- 
able in the original report. 

The reasons which prompted the study of the nitra- 
tion of furans are still valid. As a result of the study 
Which has been made, however, it is clear that the 
status of this problem is the same as that of the 
nitroparaffins discussed in Section 1.6; a considerable 
increase 1n our knowledge of the chemistry of furans 
will be necessary before we can hope to prepare nitro- 
furans which will be of interest as explosives. 


ih Trinitro-7-x ylene^* 


Trinitro-mela-xylene has received a certain amount 
of attention as an explosive and for this reason 11 
appeared desirable to investigate the possibility of 
increasing the supply of meta-xylene should a large 
demand for the material suddenly arise. 

Commercial xylene is a mixture of ortho, para, and 
mela isomers, only the last of which can be converted 
readily to a stable trinitro derivative. It has been 
found that heating commercial Hqud xylene with 
anhydrous aluminum chloride does not result in an 
increase in the percentage of the mela isomer at the 
expense of the other two. This is consistent with the 
fact, previously reported and confirmed during this 
work, that each of the pure isomers when heated with 
aluminum chloride is converted to an equilibrium 
mixture of isomers which does not differ significantly 
in composition from commercial xylene. 

Mixtures of commercial xylene and naphthalene were 
heated with aluminum chloride in the hope that the 
orlho and para isomers would methylate the naphtha- 
lene and leave a mixture of mela-xylene and toluene. 
However, very little toluene was formed and the meta- 


xylene content of the commercial xylene was un- 
changed. 


— Aminoguanidine ^ 


The preparation of aminoguanidine was studied in 
order to make available this raw material for the 
synthesis of tetracene. The reduction of nitroguani- 
dine with zinc and hydrochloric or acetic acids gave 
aminoguanidine of poor quality in poor yield; the 
product contained zine, which was difficult to remove. 
The reaction between methyl isothiourea sulfate and 
hydrazine furnished aminoguanidine in quantitative 
vield. The reagents used in this reaction are so expen- 
sive, however, that the process is not practical. 
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Klectrolytic reduction. of nitroguanidine furnished 
aminoguanidine in 75% yield. The reduction is cat- 
ried out in a 5% solution of sulfuric acid, using amal- 
gamated lead cathodes, with a current density of 1 
amp per square decimeter; the current efficiency is 
389%. The bulk of the aminoguanidine is isolated as 
the acid sulfate, the remainder as the bicarbonate. 
Klectrolytic reduction should be suitable for the com- 
mercial preparation of aminoguanidine at an esti- 
mated cost of 50 cents to $1.00 per pound. 


1.9.6 


Other Candidate High Explosives 


Preparatory procedures have been worked out for 
the bis-trinitrophenyl ether of ethylene glycol, for 
B-(2,4,6-trinitrophenoxy)ethyl nitrate, for hexanitro- 
diphenylethylenedinitramine. (ditetryl), and for tri- 
nitrophenvlguanidine. Attempts to synthesize nitrated 
hydroxyethylguanidines were not successful. No prac- 
tical synthesis of hexanitroazobenzene could be de- 
veloped. Some nitrated phenylbenzotriazoles were pre- 
pared, but they were not attractive as high explosives. 


1.10 


PLASTIC HIGH EXPLOSIVES’ 


By 1941 the British had developed and put into 
use the plastic high explosive PE-1. This material, 


V'This section is taken from reports!!9 by E. Н. Eyster. 
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which has the consistency of a good modeling clay, 
contains 88.3% RDN plasticized and desensitized by 
11.7% of a special PE oil. Its plasticity permits 1t to 
be molded by hand and its stickiness ensures inti- 
mate contact with the target, so that full advantage 
may be taken of its high brisance. It 1s particularly 
suited for the attack of rails, girders, and other steel 
targets of irregular outline, since it may be shaped 
in the field. At the same time, the plasticizing oil 
greatly desensitizes the material, so that 1t is relatively 
safe to handle and carry even under fire. Such а mate- 
rial is clearly an ideal agent for light demolition and 
sabotage. Indeed, the British production of PI-1 and 
its successor, PE-2 were almost completely allocated 
to special service forees and to underground forces 
within enemy-occupied countries. For such use the 
finest plastic properties were demanded, but great 
tonnages were not reqnired. These circumstances have 
naturally determined the British acceptance stand- 
ards for plastic explosives; since all our original 1n- 
formation concerning plastic explosives was derived 
from British sources, our ideas of what constituted an 
acceptable plastic explosive, were also thus determined. 

In October 1941, attempts to prepare British 
PE-1 were begun at the Explosives Research Labora- 
tory. The PE-1 oil is prepared by heating 10% of 
crepe rubber in a 2/1 vaseline-paraflin. oil base at 
150 C for about 15 to 16 hours with vigorous stirring. 
The plastic is prepared from this oil and RDA ot 
which 50 to 70% shonld be through 30 and retained 
on 200 USS Siere, and 30 to 50% should be through 
a 200 USS Sieve. Twelve parts of molten РЕ oil 
are added to 88 parts of КОХ as a 5/1 (water-RDA) 
slurry in hot water. After about 5 to 10 minutes’ stir- 
ring, the RDX is well coated with oil; excess water 1s 
then filtered off, the wet product is roll-milled and 
finally dried.!?? Experimental work with P'E-1 con- 
tinued until May 1942 and consisted in the main of 
attempts to prepare suitable PE-1 oils, studies of 
proper milling and drying conditions; and, fmally, 
the preparation of a motion picture showing the 
preparation of PE-1 and typical uses of the plastic 
explosive, intended to stimulate interest in plastic 
explosives among the Services. 

Dy this time the Dritish were at work on à new 
plastic which would avoid the use of rubber, both be- 
cause it was becoming short in supply and also because 
PE-1 deteriorated on aging, particularly in the pres- 
ence of air and light. The period of study of PE-1 at 
the Explosives Research Laboratory served therefore 
mainly as an introdnction to the art of preparing good 


plastics. During this period it was established that the 
particular difficulty with PE-1 (and, it appears, with 
most similar plastics) 15 to get the material through 
the drving stage withont notable deterioration in 
plastic properties; only if the milling technique is 
correct can this be achieved. No PEÉ-1 sample was 
made in which the behavior during drying could be 
considered ideal; but changes in the springing of the 
rolls (the rolls were originally held rigidly at а pre- 
determined separation) made it possible to obtain 
fair products, whereas the early batches dried to hopo- 
lessly crumbly materials. It was found, however, that 
excellent PEÉ-1 samples could be made by a dry proc- 
ess, the molten oil being mixed with dry RDX and 
the milling being carried out dry. This dry process 
was later used for rapid tests of substitute PE oils, 
on the assumption that unless an oil could produce 
a good plastic under these circumstances 16 could not 
produce a good plastic by the wet process. 

In May 1942 work began on development of sub- 
stitutes for the РЕ-1 oil. First, substitutes for the 
rubber only were studied, no attempt bemg made to 
modify the 2/1 vaseline-paraffin oll base; but later 
other oils were studied, either alone or with the addi- 
lion of vaseline, wax, or materials like lecithin, lan- 
ohne, Alox, believed to act as surface agents. By the 
end of 1942 the art of roll-milling was well devel- 
oped, and a 66/34 vaseline- Voltolized rapeseed oil 
mixture had been produced as a substitute РЕ oil. 
At the same tune, however, the British PE-2 оп, 
110/55/10 vaseline-paraffin oil-lecithin, had been de- 
veloped and a sample of this oil had been received. 
Plastics made with the two oils were carefully com- 
pared, and it was decided that the Voltolized rape- 
seed oil product was not clearly superior to the British 
PE-2. The latter material was then adopted for 
manufacture in this country as RDX Composition C. 

It was then soon found that both British PE-1 and 
Composition C. (British PE-2), and also the 66/3 
vaseline- V RO plastics became very hard and difficult 
to mold at low temperatures, owing to their vaseline 
content. This finding led to the request that a plastic 
explosive be developed which could be molded at low 
temperatures. КОХ Polar РЕ, based on a viscous 
high-viscosity lubricating oil plus lecithin, was devel- 
oped to meet this request. This plastic has the com- 
position 88/12 RDX-oil; the oil is a 95/5 mixture 
of Gulf 300 Process Oil and lecithin. At the same time 
the du Pont Company developed an RDX plastic 
plasticized with a mixture of nitrotoluenes thickened 
with nitrocellulose. This material remained workable 
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at low temperatures for a considerable period due to 
supercooling of the plasticizer, and excelled Composi- 
tion C in low-temperature plasticity. It is not of high 
quality as a plastic and tended to deteriorate further 
in plastic properties during hot storage. It could, how- 
ever, be turned out m far greater tonnages than Com- 
position € or the RDX Polar РЕ and was somewhat 
more powerful. It was adopted as Composition C-2 
and, together with a later variant, Composition €-5, 
has been the plastic explosive used by the U. N. Army 
engineer Corps. 

In Мау 1945 a request was issued for plastic ex- 
plosives based on some other explosive than RDX, 
but which could be rehably fired by an Engmeer Spe- 
cial Detonator. This last requirement eliminated ex- 
plosives based on TNT. ammonium prerate, or tetryl. 
In August a PETN plastic, PEP-2 (85/15 PETN- 
Gulf Crown Oil E) had been developed.’?? It was 
modified, after a pilot-batch had been made at the 
Eastern. Laboratory of the du Pont Company, to an 
86/14 PIZTN-Oil composition and was then called 
PEP-3. During the preparation of a second pilot- 
batch it was found that this maternal collected static 
electricity and, during the extrusion process employed 
in the packaging operation, produced large sparks. 
Attempts to prevent this by increasing the conduc- 
tivity of the oil were not successful. In the meantime, 
RDX production had so increased that need for such 
a material had passed. PIEP-5 did, unexpectedly, 
prove superior to КОХ plastics 1n one respect: 1t was 
much more difficult to set on fire. 

In November 1945 a request was made for an 
explosive whose plastic properties might be rather 
poor, but whose sensitivity should be distinctly lower 
than that of Composition C-2. For this purpose two 
insensitive semiplastics were suggested, RIPE (85/15 
hDX-Gulf Crown Oil E), and PIPE (81/19 PETN- 
Gulf Crown Oil E). It was intended that these mate- 
nals would be used to load special shells and rocket 
heads for “plaster shot" attacks against reinforced 
concrete. About a year later, lots of each plastie were 
made at Picatinny Arsenal; only the КІРЕ proved 
satisfactory, but It had rather a low density and, al- 
though tested, has not been used in service. 


1.11 EXPLOSIVE COMPOSITIONS" 


A highly characteristic development of World War 
II was the nse of such sensitive and powerful high 
explosives as RDA, desensitized by the addition of 


“This section is based on reports prepared by E. Н. Eyster. 


either а less sensitive, less powerful explosive, such 
as TNT, or a wax, or both. In this section is de- 
seribed the work done by Division 8 on the develop- 
ment of these explosive compositions. For complete- 
ness of coverage reference should also be made to the 
PT Interim Reports of Division 8. 


ТЕ 


coupes 


Composition A^ 


This RDN composition, developed by the British 
in order to reduce the sensitivity of RDX sufficiently 
to permit its use as the main filling in projectiles, was 
composed of RDN and beeswax in the ratio 91/9. 
Beeswax is an excellent desensitizer, but it was not 
available in amounts adequate for the large produc- 
tion of densitized RDN envisaged in the United 
States. A search was therefore made for substitutes 
for beeswax. From the wide variety of waxes examined 
the conclusion was drawn that practically any petro- 
leum-base wax becomes a possible substitute for bees- 
wax ìf some polar additive, such as, for example, 
Alox 600. is added to the wax 1n amounts of from 
1 to 10%. Such a modified wax will wet КОХ from 
water in the same way as does beeswax, and almost 
any such wax seems to have about the same desensitiz- 
ing action as beeswax. The most satisfactory substi- 
tutes for beeswax must therefore be chosen not on the 
basis of any special effectiveness as desensitizers but, 
rather, on the basis of availability, physical proper- 
ties (such as consistency, melting point), and ability 
to withstand hot storage without exudation of oil or 
low-melting wax. A series of such substitute waxes 
was recommended for Composition A early im. 1942. 
One of them, which has been called Bruceton Wax 
No. 10, was adopted and has been used both in 
Composition A and in Composition B (see below). 
sruceton Wax No. 10 has the composition 90/10 
Aristowax 160-165 (Union Oil Company of Cali- 
fornia)—Alox 600 (Alox Corporation, Niagara Falls, 
№. Y.). Subsequent studies showed that even more 
desirable substitute waxes are available for use in 
Composition A; а 99/1 Stanolind Wax 170-175, Alox 
600 mixture seems particularly good from the stand- 
point of exudation. 


I 128 


Composition B 


Тһе British Composition B was composed of RDX- 
JN D-beeswax in the proportion 60/40/1. Bruceton 
Wax No. 10 was found to be a satisfactory substitute 
for the beeswax in the composition. In Composition 
D, desensitization of the RDN is accomplished mainly 
by the TNT, although the wax makes а real, albeit 
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*Only with PIPE have high-order failures in the bullet test been obtained. 
TThis result is not very meaningful because of the volatility of the plasticizer in Composition С-2. 


TABLE 1. Properties of plastic explosives. 
ERL Du Pont 
66/34 ERL Du Pont PETN 
Composition C vaseline- RDX composi- ERL ERL gelatine ERL ERL 
(British PE-2) VRO PE | Polar PE | tion C-2 PEP-1 PEP-2 SW V-9 RIPE PIPE 
(1) 2) (3) (4) (5) (6) (7) (8) (9) 
1. Physical properties 
a. Density (25 С; 
g/cc) 1.60 1.61 1.60 1.57 1.48 1.47 1.50 1.36 1.31 
b. Extensibility 
25 C; mm) 11 22 ~ 50 H 3 13 
с. Compression 
plastometer 
constants: а b a b a b a b a b a b 
om C Ti F 15 10 INL OSI ло 27 0:5 Ug 1725 45 
0C ~2at15 ~3at 15| Hardens 74.0 14 | 3.3 ri om Se 11 29 
— 20 С about Z1 ол 35:9 46 | ва 110 : De 
— 85 C like (1) ome oo 108275 4.2 2 Г 3.9 
а. Sagging test (25 
C; mm) B 8 
e. Stickiness [25 C; 
Wio(g)] 230 230 51 23 168 n". Еп i "n 
f. Remarks on Excellent plastic | Very ex- | Softer than| Fair plastic] Good Rather like (3), |Some- Semi- Semiplastic 
plasticity TUO tensible; (2) at 25; | when fresh| plastic— | but usually less | what like plastic 
softer than | in gencral generally | soft (4), but 
2. Explosive proper- (1) in gen- shorter more 
ties eral than (1) gelatinous 
a. Bullet test (% 
inert) 
Cal. .30 ball, 1” 809, 100% 100% 100% 90% 50% 
pn 100% (4 trials) (5 trials) | (10 trials) | (10 trials) | (6 trials) (20 trials) (10 trials) 
Cal. .50 ball, 449, 100% 
ES | —n 100% 40% (9 trials) (20 trials) | 6667 (19 trials)* 
Cal. .30 ball, (1 trial) (10 trials) 100% 
14" backed 100% (2 trials) 
DU o | .,... (2 trials) 
b. Flame sensitiv- Will not break 
EUM | 9 ...... 138 178 in test 50 162 
c. Cap sensitivity: 
No. 6 fulm. chl. 3 NE 3 NE SE 10 NE 5 NE 
No. 8 Tetryl 10 Е (10 trials) 10 E (3 trials) (3 trials) (5 trials) (10 trials) (5 trials) 
d. Velocity of deto- (10 trials) 25 E 23 E 10 E 5E 
nation (m/sec) 8100 8100 (25 trials) | (25 trials) (10 trials) (5 trials) 
(density) (1.590) (1.590) 8110 7800 7540 7320 6930 
e. Ballistic mortar (1.581) (1.579) (1.42) (1.35) Ор 
(ТУ) 129 125 123 142 
f. Brisance-plate 108 115 118 —~106 
denting test. 
(Cast TNT = 
100) 
Method А; 112 (112) (112) 118 95 100 
(density) (1.581) (1.572) (1.488) (1.487) 
Method B; ™110 85 TE 
N) Û een 111 (1.50) (1.37) — 
Ob 52) 
3. Stability 
a. 135 Thermal sta- 
Unc — | ....... Not acid Not acid Acid 95' Acid 160 
b. Vacuum stabil- 300° 300’ 
ity in 90° (gas 
evolved-cc) in Ole 3.8 0.50 > 12, 48hr120 C 0.43 12, 48hr 12 
DN | | .,..... 7.7 ا‎ a1200! 30 100 C ™0.3,48 hr 100 C 043 120 с Ax 48hr md 
c. Exudation, 
closed (95 total 
wt lost at 50 C 
in 1 week) 0.8% 0.7% 0.3% 3.0% ut 1.2% 4.4% 25% 6.1% 
d. Remarks on stor-| Very good at ele- | Very good | Same as(1)| Extensibil-| Hardens in | Very good. Sam-| Same as (60 C) (GO C) 
age stability of| vated and ordi- retention Samples ity quickly | storage, ples stored 2 yr| (4), or 
plastic proper- | nary temperatures |at ordinary | have been | deteri- esp. at are in perfect perhaps 
ties if lecithin is good. |and ele- stored 2/4 | orates. elevated state poorer 
vated temp.| yr at ord | Hardens in| temp 
Stored 3 temp and | elevated 
years іп per-| are still temp 
fect state perfect etorage 
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relatively small, contribution to the desensitization. 

Composition B is used for the pour filling of pro- 
jectiles. Consequently a great deal of time and effort 
have gone into the study of the factors determining 
the consistency and the flow properties of the mate- 
rial. The effects of temperature, concentration of 
RDN, erist of КОМ, stirring, апа surface-active 
agents have been studied in detail and are described 
in the veports already cited. 


1.11.3 Miscellaneous Explosive 


Compositions 

As part of the development of Haleite (see Sec- 
tion 1.3) mixtures of Haleite and TNT, known as 
Ednatols, have been prepared and studied for com- 
parison with Pentolite and Composition B. It 1s pos- 
sible to prepare Ednatols which are pourable and 
which are less sensitive than Composition B; these 
pourable Ednatols, however, are inferior to Composi- 
tion B in stability, density, and performance. А 
surface-active agent, the acetone extract of soybean 
lecithin, has been found to improve the fluiditv of 
Тао. 52229 

Analogs of Cyclotol, Pentolite, and Ednatol have 
been prepared from RDX, PETN, and Haleite using 
Fivonite in place of TNT. Since Fivonite is more 
powerful than TNT, it was expected that these com- 
positions would be more powerlnl than the corre- 
sponding ones made with TNT. This was found to 
be so, but the improvement in performance was ac- 
companied by so marked an Increase In sensitivity that 
the Fivonite compositions were not felt to be of any 
practical value.'?* 

3rief studies, to be found in the PT Interim Re- 
ports, were made on the explosive properties and 
pouring properties of such compositions as P'T X-1, 
PTX-2, 70/30 Cyelotol, апа 52/48 Picrotol. 


1.12 ALUMINIZED EXPLOSIVES 


The introduction of alnminized explosives for un- 
derwater and air blast use was, like the introduction 
of the explosive compositions treated in the preceding 
section, characteristic of World War II. In this sec- 
tion is presented the work done by Division 8 on the 
development of alnminized explosives. 


112.1 _9128,130 


lorpex 
This explosive, having the composition 42/40/18 
RDX-TNT-Al, was developed by the British for use 


*This section is based on reports prepared by Е. H. Eyster 
and Frank Н. Westheimer. 


as a cast filling for underwater weapons. Torpex-2 is 
made by adding the appropriate amounts of FNT and 
aluminum to Composition B; accordingly, Torpex-2 
made in this country contains about 0.6% of Bruce- 
ton Wax No. 10. Studies have been made of the flow 
properties of Torpex-2 and of the effects of wax, of 
aluminum grist and purity on the sensitivity of the 
explosive. It was not possible to detect any sensitiz- 
ing effect of alloyed impurities in the aluminum. 
However, a close dependence of bullet sensitivity on 
aluminum grist was observed. The coarser the alu- 
minimum the less sensitive the Torpex-2. 


(УА, 


HBX 


In England a mixture known as D-I or PNL was 
developed for the purpose of desensitizing ‘Torpex-2 
and certain other high explosives. The mixture has 
the composition 84/14/2 parafflin-nitrocellulose (12% 


nitrogen; И» sec viscositv)-lecithin, the nitrocellu- 
lose and lecithin serving as emulsifying agents for 
the wax. Torpex-2, containing 5 parts of D-I, is 


known as Torpex D-I. In this conntry the effective- 
ness of D-I as a desensitizer was recognized, bnt there 
was reluctance to use it for two reasons: the danger 
of exudation of wax on hot storage, and the danger 
of decomposition of the nitrocellulose which, by con- 
trast with the high-explosive ingredients present, 1s 
a relatively unstable material. 

Extensive studies were made of higher melting 
petroleum-base waxes as snbstitntes for the low-melt- 
ing paraffin used in D-T. As a resnlt of these studies 
several available waxes and blends of waxes have been 
reconunended which give good desensitization with 
very little exudation. IH DN, which differs from Tor- 
pex D-I only in the substitution of a higher melting 
petroleum-base wax for the 135 F paraffin, has been 
adopted by the U. 5. Navy.!*9190131 

Another investigation showed that Vinylseal MA- 
28-14 was an excellent snbstitute for nitrocellulose 
and lecithin for emulsifying the wax in HBA," 
This development, together with that detailed in the 
preceding paragraph, makes possible the preparation 
of a desensitized Тогрех that does not exude on hot 
storage and that does not contain such an unstable 
ingredient as nitrocellulose. 

Finally, extensive studies were made of the sensi- 
tivity of HBA, both m comparison with other ex- 
plosives and as a function of such variables as alu- 
minum grist and agglomeration. As with Torpex-2 
coarser aluminum gives a less sensitive product. Light 
agglomeration of the aluminum acts the same way. 
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1.12.3 Baronal 


This explosive, which has the composition 50/35/15 
Ba(N0,) -TNT-A was developed as a castable fill- 
ing for underwater munitions. The mixture has a 
cast density of 2.27 @ per cc and is almost equal to 
Тогрех-? in underwater performance on a volume 
basis. It was hoped that the mixture would be much 
less sensitive than ‘Torpex-2. Surprisingly enough, 
Baronal was found to be in the same general sensi- 
tivity class as 'Torpex-2. and Torpex-2 rather than 
Baronal was adopted as an underwater charge.!?? 


117-4 Miscellaneous Aluminized Explosives 


Aluminized Composition A’s have been prepared 
and briefly studied. They are made by adding atom- 
ized aluminum to Composition A-3 just after the wax 
has been added to the HD N-water slurry. The composi- 
tion 73/9/18 RDX-wax-M was considered for press 
loading mto shells: and the composition 70/5/25 
iDXN-wax-M was pellet-loaded in a Tritonal matrix 
so that the overall charge had the same composition 
1 Лоо 1E аа 

Some study has been made of the pouring proper- 
ties of the ‘Tritonals, particularly of the segregation 
of aluminum in 80/20 Tritonal castings. 40/60 Tri- 
tonal can be detonated. Both 80/20 and 40/60 Tri- 
tonal can be appreciably desensitized by the addition 
of 5 parts of desensitizer D-2. The use of coarse alu- 
minum desensitizes 80/20 Tritonal.!?? 

Dentex, 48/34/18 RDA-DNT-Al, was developed 
as a substitute for Torpex-2. lix underwater perform- 
ance 1х somewhat inferior to that of Torpex-2, but 
its sensitivity 1х significantly lower. However, this 
advantage was offset by the development of Torpex 
D-I and HBX, which are more powerful and less 
sensitive than Dentex. 

Pentonal, 47/33/20 PETN-TNT-Al, is very sen- 
sitive to bullets. Torpex-2 analogs in which the RDX 
was replaced by Haleite and by Fivonite showed good 
performance. 


1129 ^ (Gas Evolution from Aluminized 


Explosives 

The extensive use of aluminized explosives has rce- 
vealed two difficulties peculiar to this type of filing; 
both result from the evolution of gas from the explo- 
sive. The first 15 known as spewing. Gas liberated 
from the molten explosive causes the rapid ejection 
of some of the material from the contamer during 
filling operations. The second is known as gassing. 


It 18 the evolution of gas from the solid explosive in 
a filled munition, Gassing can result in deformation 
of the booster cavities and battery cases in mines, 
and, when the gas 1s inflammable, it creates a fire 
hazard. Spewing has been observed principally with 
Minol; gassing is more serious with Torpex. Since 
Minol is not loaded im this country, spewing is not a 
serious. problem here. The gassing of Torpex-filled 
stores 18 serious, however, and the succeeding para- 
graphs describe the successful methods developed to 
prevent gassing of ‘Torpex and, Incidentally, ОВХ 
and Tritonal. 

Тһе gas evolution from Torpex results from the 
presence of water in the explosive. The water is 1n- 
troduced with the Composition B which 1s made from 
water-wet RDX. It has proved impractical to dry 
Composition D, or to coat the aluminum In Torpex 
хо that it will not react with water. Consequently, it 
has been found necessary to dry the Torpex itself. 
Attempts to do this by mereasine the time of batch- 
ing the Torpex failed. However, the addition of 0.5% 
of anhydrous calcium chloride to Torpex was suc- 
cessful. Torpex containing 0.5% of anhydrous cal- 
cium chloride generates little gas at elevated tem- 
peratures and essentially no gas at room temperature. 
Addition of calcium chloride introduces no new prob- 
lems. Torpex containing 0.565 calcium chloride is 
indistinguishable from ordinary Torpex in sensitivity 
and stability. The calerum chloride makes the mixture 
very slightly hygroscopic, but the effect is small and 
the mixture 1х less than one per cent as hygroscopic 
ах Minol. ‘Porpex to which 0.5% of calcium chloride 
has been added has been adopted by the U. S. Navy.?** 

Tritonal will evolve gas when the explosive is wet. 
However, the ingredients from which Tritonal is 
made, TNT and aluminum, can easily be obtained 
free from moisture, so 1t should be possible to prepare 
dry Tritonal which will not generate gas. However, 
0.5% of anhydrous calcium chloride will effectively 
stop the gassing of moist Tritonal.**° 

The gas evolution from Minol and DBX, both of 
which contain ammonium nitrate, can also be pre- 
vented. At low temperatures Minol, even when it 
contains several tenths of a per cent of water, does 
not generate much gas. The addition of a few per cent 
of anhydrous magnesium nitrate and 0.1% of stearo- 
xyacetic acid reduces considerably the gas evolution 
from solid and from molten Minol at elevated tem- 
peratures. Similarly, the addition of 0.5% of anhy- 
drous magnesium nitrate and 0.1% of stearoxyacetic 
acid stops the gas evolution from DDBX.!***! 





Chapter 2 


THE PROPERTIES OF HIGH EXPLOSIVES 


HE Work on the preparation of high explosives 

described in the preceding chapter required as a 
parallel activity an evaluation of the various candi- 
date explosives prepared. For the most part these 
candidate explosives could be sereened on the basis 
of tests of a relatively small number of properties —- 
stabilitv, power, sensitiveness to impact — tests which 
can be made with relatively small amounts of ma- 
terial. For the explosives which met these screening 
tests satisfactorily, further and move extensive test- 
ing was necessary. With both the preliminary and the 
subsequent tests, considerable work was necessary on 
the development of the testing methods themselves. 
Consequently the work described in this ehapter deals 
both with the study of testing methods and with the 
results of the tests. 

In addition to the testing program mentioned in 
the preceding paragraph and deseribed in Sections 
2.1 through 2.5, various other activities dealing with 
the properties of explosives were undertaken. ‘Thus, 
in order to make the information available to inves- 
tigators working on the synthesis of organic explo- 
sives and on their applications, a compilation of data 
on the properties of organic explosives was prepared. 
The data include physical properties, methods of 
preparation, explosive properties, and stability. The 
emphasis in the eompilation was on high explosives 
rather than primers or detonators, and on pure com- 
pounds rather than mixtures. The data were taken 
in part from the open literature beginning January 
1, 1907, and in part from the following elassified 
sources, 

1. OSRD reports issued to January 1, 1944.^ 

2. British reports available in the NDRC files to 
January 1, 1944. 

3. Canadian reports available in the NDRC files 
to January 1, 1944. 

4. Records at the Picatinny Arsenal. 

5. Records at the Naval Powder Factory, Indian 
Head, Maryland. 

зА. Н. Blatt, OSRD-2014, February 1944. An earlier com- 
pilation by A. H. Blatt and Frank C. Whitmore, OSRD-1085, 
December 1942, was issued in order to make available as 


quickly as possible a part of the data. АП the information in 
OSRD-1085 is given in the final report, OSRD-2014. 
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6. Information made available by E. Т. du Pont 
de Nemours & Company. 

i. Information made available by the Hercules 
Powder Company. 

A number of reports on the properties of individual 
explosives or on a detailed comparison of two or three 
explosives were issued by Division 8. From the na- 
ture of the subject material it is not possible to give 
useful condensations of the content of these reports ; 
we shall, therefore, simply name the subjects and 
refer to the reports: МЕМО and MNO Cyelotol, 
Ednatol, and Pentolite:? Fivonite and Fivonite C'om- 
positions ;? and Minol and "Torpex*. 

The effect of moderate heating on explosives is 
measured in a variety of tests designed to determine 
the stability of high explosives (see Section 2.1). 
A more immediately practical study was made of tlie 
"cooking-ofP? phenomenon, the explosion of shells 
which have been left in overheated guns. It was 
found that the explosions result from the detonation 
of mercuric fulminate which takes place when that 
material 18 heated to 155 € or higher. During the 
study the explosion temperatures of nearly twenty 
of the more commonly used high explosives and ex- 
plosive compositions were determined.’ 

The effect of applying high pressures to explosives 
was examined,^ and it was found that the common 
high explosives are not detonated by the isothermal 
application of hydrostatic pressures up to 50,000 
ke per sq em combined with shearing stresses up to 
the maximum which the explosives would support. 
Pressures up to 100,000 kg per sq em could be ap- 
plied slowly to ТАТ, ammonium picrate, and nitro- 
euanidine without causing explosions. 

An entirely different aspect of the study of the 
properties of high explosives was brought to light by 
the request for mert simulants of various explosives. 
The simulants, which must match the physical prop- 
erties of a given explosive, are used as “stand-ins” for 
the explosive in making certain tests. Thus a simulant 
might be used as the filling for studytug the effect 
of changes in design and material on the armor- 
piercing ability of an armor-piercing projectile. А 
mixture of 5% of Celite 535 (Johns-Manville Com- 
pany) and 95% of Aroclor 2565 (Monsanto Chemical 
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Company) proved to be a close simulant for НВА, 
ах the data in Table 1 show.* 





TABLE 1. Physical properties of HBX and HBX 
simulant. 
Property HBX Simulant 
Laboratory density g per cc 1.66 1.74 


Compressive strength psi at 


density d 3,280 +300/1.72 3,420 + 200 
Modulus of elasticity, dynes 


per sq cm at density d 5.95 x 1010/1.69 


0.24 at 15 C 


6.6 x 10! 
Specific heat cal per g per C 0.25 at 26 C 


Impact strength (IZOD) ft-lb at 


density d 0.070 0.047 /1.68 


-l SIABILITY" 


АП military high explosives possess at least rea- 
sonably good stability. otherwise they are uot adopted 
for service use. In this respect the stability problem 
differs from the seusitivity problem to be discussed 
in the next section. There are service uses for sensi- 
tive explosives ; there is no service use for an unstable 
explosive. Military high explosives must be and are 
stable to heat over a long period of time. It is desir- 
able that they be stable to moisture as well, bnt this 
Is by no means essential since the containers. (shells, 
mines. rocket heads, ete.) for these explosives are 
tightly closed. Phe methods for testing the stability 
of high explosives which were used at the Explosives 
Research Laboratory are outlined below, together with 
data on the stability of some of the Ingh explosives 
tested there. Only cursory testing wax doue om most 
of the standard explosives of recognized stability such 
ах ammonium picrate, picrie acid, amatol and tlie 
like. 


2 Tests 


Tests used at the Explosives Research Laboratory 
were ni part well-known tests carried ont as described 
in the open literature. In part, however, modified 
apparatus and modifed procedures were used, and 
reference should be made to the original reports for 
Шел a 
PURLTY 

Simce all pure samples of a particular high explo- 


sive behave alike, once the general stability of an 


>This section is constructed from information supplied by 
Frank H. Westhenner. 


explosive has been established it is only necessary to 
determine that subseqneut saumples are pure. The cus- 
tomary criteria. of purity are melting pomt, and 
either acidity or basicity or pH. Мапу explosives, for 
example tetryl, are unfavorably affected by small 
amounts of acids or bases ах impurities, aud service 
samples of these materials niust be essentially neu- 
tral. Observations of the color aud odor of samples of 
explosives will often give preliminary indications of 
purity or, rather, indicatious of gross impurity. 


INTERNATIONAL Test 

The sample is heated 11 an open vessel for forty- 
eight hours at 75 C. Changes iu appearance or weiglit 
are noted. The test serves to eliminate. excessively 


volatile explosives. 


THERMAL STABILITY 

The sample is heated in a loosely stoppered glass 
tube with a prece of methyl violet paper above the 
surface of the explosive. The test is run at 100 С 
and at 155 € for five hours. The time required for 
the color of the methyl violet paper to change to a 
bright. salmon piuk, and the time required. for the 
sample to explode ave noted if either of these events 
occurs Within the five-hour period. This test serves 
to climinate explosives of very inferior stability. 


H YGROSCOPICITY 

The sample is exposed to atinosplieres of various 
high relative humidities m a vacuum desiccator at 
room temperature for five days, or until equilibrium 
is established if this requires more than five days. 
The gain or loss iu weight of the sample is noted. 
Some ninlitary explosives (in particular those such as 
amatol or Minol which contam ammonium iitrate) 
are quite hygroscopic. This does not necessarily ex- 
clude them from service use. However, hygroscopicity 
is always a disadvantage aud does eliminate ai explo- 
sive for some uses. Other things being equal, a non- 
hveroscople explosive is preferable to one which is 


hveroscopie. 


WAC Me OSTIA 

This test measures the amount of gas liberated from 
а sample of explosive of specified weight when it is 
heated mm a vacuum at an elevated temperature for 
à ипе time. The usual sample is five grams; the 
test is ordinarily гип at 100, 120, or 150 С, and the 
duration of the test is usually from twenty-four to 
forty-e.ght hours. The apparatus used at the Explosives 
Research) Laboratory differs from that described in 
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the literature, and the original reports should be con- 
sulted for details of construction and operation. 

It is customary to deduct the gas evolved during 
the first ninety minutes of the vacuum stability test 
on the ground that most of it 1s probably occluded 
gas. and not gas produced by decomposition of the 
explosive. In general, a normal value for the vacuum 
stability test can be established for each explosive; 
larger amounts of gas evolved from subsequent sam- 
ples mdieate that they are of inferior quality. C'om- 
parisons of one explosive with another оп the basis 
of vacuum stability tests are misleading. and often 
there is no correlation between vacuunı stability tests 
at 120 € and those at service temperatures ( —40 to 
-60 €). 

EXPLOSION lrMPERATURE 


There is no generally accepted method of determiu- 
ing the temperature at which a material explodes. 
Two methods have been used at the Explosives Re- 
search Laboratory. In the first, five- to ten-milligram 
saniples of the explosive are dropped onto the surface 
ol a Wood’s metal bath. The mitial temperature of the 
bath 15 360 C. The bath 1s allowed to cool and tests 
are continued until the lowest temperature at which 
the sample will deflagrate or explode in five seconds 
is found. The second method was devised to eliminate 
several sources of error in the first procedure. In tho 
second method. the sample is placed m a copper tube 
Which dips into the Wood's metal bath. When the sam- 
ple deflagrates or explodes, the cover is blown off the 
copper tube. This breaks an electric circuit leading to 
an impulse counter and interval timer, thus giving 


TABLE 2. 


Explosive Composition 


PETN 
Pentolite 
Halerte 
TN dk 


PETN/TNT— 50/50 


RDX 


RDX/Wax—91/9 
RDX/TNT/Wax—59.5/39.5/1 


Composition A 
Composition B 


Tritonal 'TNT/A1— 80/20 
Torpex-2 Comp B/TNT/Al—70/12/18 
Minol TNT/NH4NO;/Al— 40/40/20 


an accurate measuremeut of the inne during which 
the explosive was heated. The use of the copper cup 
ensures that the sample is In contact with the interior 
ip Eee HKG ОДЕ 
SURVELLLANCE 

The best test for the stability of an explosive which 
has yet been devised, exclusive of actual service, is 
surveillance. A sample of the explosive is maintained 
for a considerable period of time at a temperature as 
high as or higher than it will ever be subjected to in 
service, Portions of the sample ате withdrawn peri- 
odieally and examined for melting point or vacuum 
stability. The usual surveillance temperature is 65.5 C 
(150 F), although surveillance is occasionally: car- 
vied out at both higher and lower temperatures. Most 
military high explosives will survive surveillance at 
65.5 C for many vears, and it can, therefore, be an- 
ticipated that they will be satisfactory for an indefi- 
nite length of time at ordinary service temperatures. 
The most stable explosives tested at the Explosives 
Research Laboratory were TNT and RDA, both of 
which survived without apparent change for over 
three years at 85 C. TNT is molten at this tempera- 
ture. By contrast, some samples of PETN have failed 
in surveillance at 65 C in less than a year and a half. 
Even this surveillance life at 65 C, however, 15 ample 
assurance of adequate service life. 

Table 2 gives surveillance and vacuum stability 
data on a number of service fillings. 


23160 


Special Stability Problems 
There are many special stability problems presented 
by individual high explosives. These problems (for 


Surveillance and vacuum stability data on some service fillings. * 


Surveillance Normal vacuum stability at 120 C 

Temp Time Gas evolved (cc/5 6/48 hr) 

(C) (montlis) 

65 17 to 291 1.0 to 5.0 сс/2.3 g/20 hr 

65 201 3.0 at 100 C 

65 Dor 4.5 

65 231 0.2 

85 291 

65 32T 0.5 cc/5 g/24 hr at 150 C (1) 

85 307 2.0 сс/5 6/24 hr at 150 C ($) 

05 107 0.7 

65 30T 1.0 

65 251 0.2 

65 301 

бә 171 2.0 


*The data in this table are a selection from the data accumulated at the Explosives Research Laboratory. Additional data will be found in references 


17, 05-60. 
TSamples still in surveillance. 
{КОХ made by the direct nitrolysis of hexamine. 
SRDX(B) made by the combination proccss. 


STATES S 





esame, the аон which affect the stability of a 
partienlar explosive, the mechanism of decomposition 
of a particular explosive, and the selection of tests 
Which will best measure the stability of a particular 
explosive) must be studied individually and are not 
amenable to routine testing. Three such special prob- 
lems are considered in the paragraphs which follow. 

Certain samples of Peutolite show highly erratic 
behavior on surveillance. As the result of an extended 
study of the reasons for this behavior, it was found 
that the stabihty of Pentolite is impaired by the pres- 
ence of acid and, to a greater extent, by the presence 
of alkali. Nitrated by-products from the pentaerythritol 
svithesis, Cc. DiPEHN, have no detectable effect 
ou the stabihty of Pentohite. 

Contammation of Pentolite bv acid is unhkely if 
the PETN from which it is made has beeu properly 
stabilized. Coutamimation of Pentolite by alkali 1s 
due to the alkali left in the PETN during ordinary 
procedure for the stabilization of the latter material. 
When PETN is stabilized by the addition of solid 
sodinm carbonate to au acetone solution of the explo- 
sive, Ше PETN will contain about 0.08% of sodium 
carbonate. When sodium carbonate solntion is added 
to an acetone solution of PETN, the precipitated ma- 
ternal will contain about 0.008% of sodium carbonate. 
The addition of a 1% solution of ammonium carbo- 
nate to an acetone solution of PETN precipitates ma- 
terial which vields the highest qualitv Peutolite. 

The 100 € vacuum stability test fails to reveal the 
presence of harmful amonnts of alkali in. Pentolite, 
suce the temperature coefheient of the alkali-catalyzed 
decomposition is much smaller than that of the spon- 
taneous decomposition. Nor does the 120 € vacuum 
stability test give useful information about the sta- 
bility of the material: for the results of this test are 
largely determined by the amount and location of 
occlusions containing acetone, and these occlusions 
do uot impair significantly the low-temperature sta- 
bility of Pentolite.? The rate of gas evolution at 
68 C is the best measure of the stability of Pentolite.* 

The stability of Haleite, ethvlenedimitramine, has 
also been examined in considerable detail.'* The de- 
composition of Haleite furnishes ethylene glycol, acet- 
aldehyde, and mitrous oxide. When the solid explosive 
decomposes between 120 and 150 C, 90% of the de- 
compositiou products are volatile. The decompositiou 
is not gas catalyzed; the temperature coefficient of the 

cA related report!? describes the preparation, optical crystal- 


lography, and fusion analyses of pure PETN and DiPEHN, 
together with a phase study of the system PE'TN-DiPEHN. 


decomposition increases with increasing temperature 
{п the range 100 to 145 С, aud the rate of decompo- 
sitiou is mereased by the presence of any one of a 
number of mert materials, for example, iron, iron 
oxide, barium sulfate, sand, or activated carbon. 
Large erystals of Haleite decompose more slowly than 
small erystals in the vacuum stability test, whereas 
large samples decompose more rapidly than small 
samples. When Halcıte 1s erystallized, the more acidic 
the solvent the less stable is the product. The 155 C 
thermal stability test, useful with organie nitrates, 
is not useful with Haleite, for this material loses its 
nitrogen as nitrous oxide. The 120 C vacuum stability 
test does give. usefnl results 1 appropriate precau- 
tions are takeu. 

The kinetics of decomposition of four organic high 
explosives have beeu studied." The explosives were: 
CH,—C(CH,ONO,), 

“ео 
6 
CILL—C(CH,ONO,), 


CH,—C(CH,ONO,), 
P (CH, 2)2 
СН. 


Fivonite 


Sixolite 
| 
CHONG 


| 
рх CH,—C(CH,ONO,), 


MNO CON (NO,)CIT, 


CON (NO,)CHI, 


NENO CON(NO,) CH,CH,ONO, 


| 
CON (NO,) CH,CIT,ONO, 


The investigation was carried out by measuring the 
gas evolved from the explosive. In some runs the 
decomposition was carried to completion, and the 
amount of gas produced per mole of the explosive 
determined. The rate of decomposition. of Fivonite 
and Sixolite increases with time; the increase 10 rate 
with time is greater at moderate (85 to 120 €) than 
at elevated (135 to 150 C) temperatures. At the high 
temperatures the decompositions were followed to 
completion. The increase in rate with time for these 
nitric acid esters may well be due to autocatalysis. 
The possibility has, however, been suggested that 
some if not all of the effect is due to the fact that 
these are explosives with many reactive groups, and 
the appearance of autocatalysis can be produced by 
а multistep decomposition. By contrast, ће decompo- 
sition of the nitramines iu solution followed a simple 
first order law. The reactions take place at the same 
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rate whether the explosives are molteu or dissolved in 
INT. The solid explosive decomposes much more 
slowly, however, and the acceleration in rate usually 
observed when an explosive is mixed with TNT has 
been correlated with the enhanced rate of decomposi- 
tion in solution as compared with that in the solid 
state. 

The activation energy for the initial decomposition 
of the nitric acid esters was about 50,000 cal per mole, 
whereas that for the nitramines was only about 35,000 
cal per mole. 


2? SENSITIVENESS! 


New explosives and explosive mixtures are generally 
developed in the laboratory for specific field uses, and 
must accordingly meet certain requirements of sen- 
sitivity and performance. The ultimate tests of these 
properties are provided, of course, by actual trials in 
the munitions for which the explosives are intended, 
first on ап experimental basis at a proving ground, 
and finally 1n combat. For these ultimate tests there 15 
no substitute: but since they are time-consuming, 
expensive, and hazardous, all possible efforts are made 
to screen out, at the laboratory stage, materials which 
appear unlikely to pass service tests. Such laboratory 
screening tests шау occasionally pass materials later 
rejected, or may occasionally hold back from final 
tests materials which might have been acceptable ; 
nevertheless, their usefulness, within. their proper 
domain, is great. The fact that most explosives under 
development are planned as substitutes for ones In use 
permits comparisons to be made between pairs of ex- 
plosives in laboratory tests; from such laboratory com- 
parisons the suitability of the substitute explosive 
must be inferred. 


2.21 Sensitiveness Tests at the Explosives 
Research Laboratory "^ 


In laboratory tests of sensitivitv, pairs of explo- 
sives are compared by subjecting each explosive to 
stimuli (usually mechanical) of controlled violence, 
under controlled conditions, and comparing their re- 
sponses. When these responses vary only in degree, 
the relative sensitivities may then be at once inferred, 
When account is taken of the statistical nature of these 
responses; but when the responses differ also in kind, 
then arbitrary decisions concerning the relative haz- 


“This discussion is taken from a summary prepared by E. 
Н. Eyster. 


ards of the various kinds of response must be made 
if a definite sensitivity comparison is demanded. 


Drop-WriegHt Imeacr Tests 


Drop-weight impact tests provide one of the easiest 
sensitivity comparisons which may be made. In such 
tests small samples of the explosives to be tested are 
loaded between a hardened steel anvil and plunger 
(the fools) and the plunger is then struck by a weight 
Which is allowed to fall through a predetermined dis- 
tance. By carrying out a series of trials at different 
drop heights, the probability of explosion as a fune- 
поп of drop height may be explored for the explosives 
to be compared. The 50% 
used at the Explosives Research Laboratory to charac- 


explosion height has been 


terize the results of such tests, and statistically efficient 
methods have been devised to determine this height 
and to estimate the random errors made in its deter- 
mination. If, then, the 50% explosion height for one 
explosive is shown to be significantly higher than that 
of a second, the first explosive is shown by this test 
to be less sensitive than the second. In this manner 
many explosives may aud have been ordered in dii pac! 
sensitivity. It has been found, however, that the order- 
ing oblained depends upon the exact mechanical de- 
sign of the tools used in the impact machine. About 
a dozen different tool designs have been studied. Of 
these the following three have been particularly use- 
ful for testing solids. and have been extensively used 
at the Explosives Research Laboratory. 

Type 3. In this design the explosive is loaded in a 
brass cup, 0.308 in. in inside diameter, 0.01 in. thick, 
and % in. high. The half-inch steel plunger tapers 
to a 0.306-1n. diameter cylinder near the tip and fits 
mside the cup. The cup rests on a flat steel anvil, A 
o-kg weight and a maximum drop of about 100 em are 
used with these tools. 

Type 5. In this design the explosive is loaded in a 
cylindrical cavity, 146 in. deep and 0.376 in. in diam- 
eter, ın the hardened steel anvil. and is covered by a 
sheet of thin tinfoil. The %-in. plunger in this case 
tapers at the end to a 0.575-1n. cylindrical seetion and 
Is pressed down on the explosive in the cavity. A 5-kg 
weight and a maximum fall of about 100 em have been 
used with this design. 

Type 12. In this design the explosive is loaded on 
a square of 5/0 Flint paper, resting on a 14-1. hard- 
ened steel flat anvil. The plunger is a flat 1!4-in. cyl- 
Inder. A 249-ke weight and a maximum fall of about 
330 em have been used with this design. 

The Type 3 design is suited particularly to the test- 
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ing of explosives of sensitivity equal to or greater 
than that of Tetryl. The other two designs will fire 
TNT, Composition A, and ammonium picrate. The 
sensitivity orderings produced by these three tool 
designs are not identical, though they 
gross correlation. Apparently variations of the phys- 
ical conditions (strength of confinement, effect of grit, 
ete.) during impact do not produce uniform changes 


do show a 


in the apparent sensitivities of all explosives. At the 
[explosives Research Laboratory it is preferred, gen- 
erally, to make important tmpact-test comparisons 
with several tool designs; when all agree in ordering, 
the results are satisfactory, otherwise different tests 
are appealed to. 

Some typical results of impact tests with these three 
tool designs are given in Table 3. 


TABLE 3. Sensitiveness of high explosives. * 


1 2 3 4 5 6 
Dens. Impact sens. Bullet sens. shell imp. sens. Booster 

Explosive (g/cc) #3 $5 #12 I.I. (ord) No. LI. (alz) No. Vie(fps) ст» sens. 
Aluminized Comp. A 1. TM a te 62 
Amatol 80/20 airs is 
Amatol 60/40 = F * 
Amatol 50/50 1.55(c) "107 > 58 10 
Ammonium Picerate 1.55(p) 80 19 235 5||20+2 
Baronal 2.32(c) 84 10|| 5 
Borotorpex (46/44/10) 1.74(c) a aa ir 
Comp. А-8 1.61(p) >90 .. 80 20 + 2]|15 +2 
Comp. A-12% Wax 1.58(р) eee 108 
Comp. A/KN( О-50/50 1.76(p) 66 .. 59 F 
Comp. B 1.69(c) >90 26 S2 o0 579 209 8 
Comp. C-2 1.57 (pl) » - m 
Cyclotol-60/40 1.69(с) та 78 38 225 5][25 +2 
Cyclotol-70/30 1.72(c) Eo 22 56 40 30 
DBX 1.76(c) EN 73 9 35 23 5||25 +2 
Diethylene glycol 

dinitrate Liquid F F F 
DINA 1.58(c) 27 18 23 6 10 
Haleite 1.76(cr) 65 35 38 — o + 21120 +3 
Ednatol 50/50 1.62(c) F 74(55/45) 69(55/45) 178 TOTIS 
Ednatol 60/40 1.62(c) 
Fivonite 1.59(с) >90 38 69 42 58 Зз 72 
RDX/Fivonite 53/47 1.66(c) ОШ 29 27 40 
HBX 1.78(с) es co Ен 710 570 411 Average 

of 4 tests 

Hexanitrodiphenyl- 

amine М: "e ne 
Minol-1I 1.71(c) и 76 35 44 828 28 15/10 
MNO >90 39 103 
NENO AGA 29 
Nitroguanidine 1.50(р) E 357 E 
Pentolite 50/50 1.65(c) 65 81 38 19 220 4170 25 + 3|| 20 + 3 
PEP-2 1.42(pl) A: às F 
PETN 1.70(cr) 29 8 12 E Fired by 5 4-3 
Picratol 52/48 ОО AL 95 20 
Pieric Acid 1.60(c) >90 22 o4 24 11 51125 +2 
PTX-1 1.68(c) oe es 46 ve 
PU 1.70(c) E ax 38 8 14 
RDX 1.82(er) 48 23 17 : 15 + 3||10 +3 
КІРЕ ОРТ Fall 
Tetryl 1.56(р) 56 20 42 .. 5 + 2/|20 +3 
Tetrytol 75/25 1.66(c) TOM 70 43 40 25 + 2|| 20 + 2(70/30) 
TNT D-2 1-59(6) е Э ОиВ > 85 20 
Тогрех-11 1.81(с) >90 .. 78 32 166 185 9 525—2 
Tritonal 80/20 1.75(c) с oe 155 60 70 509 82 15||10(85/15) 
Tritonal 80/20,0-2 1.67(c) | | та — 
INT 1.60(с) >90 48 171 72 S6 Over 1100 20|| 15 


*Data from the Explosives Research Laboratory. 
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BULLET-IMPACT Tests 

Lhe bullet-impact test is performed by loading the 
explosives to be compared into suitable containers and 
firing at them with .30- or .50-caliber bullets (usually 
Ball, M2). When a suitable bullet-contatner combina- 
Gon has been found, the comparison is made with as 
many trials as seem warranted. From the results one 
тау deduce whether the explosives display significant- 
ly different probabihties of explosion. This test is 
more difficult to carry out than is the impact test and 
requires much larger samples of explosive, but it is 
also more closely related to real hazards in combat. 
It has been found that the addition of aluminum pow- 
der to explosives changes the nature of their reaction 
to bullet impact, greatly increasing the chance of a 
mild partial explosion, but apparently decreasing the 
chance of high-order detonation. This makes it rather 
difficult. to express sensitivity comparisons between 
aluminized explosives and nonalumnnzed ones. With- 
in each class, however. comparison may readily be 
made, and these results may be expressed on a numer- 
ical scale as insensitivity indices, The indices for alu- 
minized explosives should not be compared with those 
for ordinary explosives. 

Typical sensitivity indices are given in Table 3. 
THE SHELL-IMPACT Test 

There is great need for a test that will give infor- 
mation about the relative sensitivities of different ex- 
plosives when thev ave loaded 1n bombs and the bombs 
are dropped from planes. The large-scale drop testing 
of bombs which should furnish this information 1s 
extremely expensive 1f enough tests are made to give 
statistically useful information: and, because of the 
many variables involved (terminal velocity, angle of 
incidence, nature of surface, ete.) the number of drops 
required m order to secure significant results is very 
large. T'he shell-imipact test was developed to stimulate 
an а small scale conditions existing In the large-scale 
drop tests of bombs. Unfuzed 60-mm mortar shells, 
loaded with the explosives to be compared are fired at 
predetermined velocities (from 180 to 1,100 fps) 
against heavy armor plate, Testing is continued until 
the 50% explosion velocity has been determined with 
suitable precision. ‘This test has not been developed 
so far as have the tests deseribed earlier, but it is a 
test which shows sufficient. promise to merit further 
development. 


THE BoostTer-SENSITIVITY DEST 
"hia test wes ironed t asure the relative eas 
à 2 Е : €i: 
lhis test was designed to measure the relative ease 
with which explosives could be brought to full de- 


lonation by boosters and involves testing 1-1п. evl- 
етк 1 In. high with a series of graded boosters. This 
booster series was prepared in the following way. The 
most powerful boosters are t-im. diameter Tetryl pel- 
lets of 5, 10, 15, 20, and 25 g weight; the boosters of 


m, 


Intermediate power are these same pellets separated 
from the charge by cylinders of Acrawax В 2 em in 
height ; the least powerful boosters аге the same pellets 
separated from the charge by 3 cm of Acrawax b. 
Each booster may be identified by stating the weight 
of Tetryl and the thickness of wax: 5 + 3 thus means 
a 2 € booster and 3 em of wax. High-order detonation 
is detected by detonating the test cylinders on а 19-11. 
steel plate and inspecting the damage. Test results are 
expressed by naming the strongest booster that fails 
to detonate the test evlinder, and the weakest booster 
that does detonate it. The booster рат may be abbre- 
viated thus: 15 + 3/]10 + 3. Naturally, the booster 
sensitivity depends upon the physical state of the 








sample. Cast evlinders are usually less sensitive than 
pressed ones. In a gross sense the results of this test 
also correlate with those of impact and bullet tests, 
but there are again exceptions, e.g., Minol-2 has very 
low booster sensitivity, although its bullet and impact 
seem fairly high. All of these aspects of 
must be considered in interpreting small- 


sensitivity 
sensitivity 
scale tests. 


2.2.2 Sensitiveness Studies at the Hercules 


Experiment Station 


From July 1, 1942, until August 31. 1945, under 
Contract Ol] Msr-719 Division 8 supported an inves- 
tigation of the sensitiveness of high explosives at the 
Hercules Powder Company. The Hercules group did 
not have to run routine sensitiveness tests and were 
able to devote their entire time to a study of sensitive- 
ness. Their investigation was prunarily an experimen- 
tal study of the influence of a variety of factors on the 
sensitiveness of explosives to a number of different 
initiating influences.? 

In the investigation a markedly improved. friction 
pendulum and a considerably improved minimum— 
priming charge test were developed. Improvements 
were made in the rifle bullet test and modifications 
were made in the impact test equipment. It 15 ree- 
ommended, as a result of the investigation, that new 
explosives be subjected to impact tests, to friction- 
pendulum tests, to minimum-priming charge tests, 


and to rifle bullet tests: and that the evaluation of 


This summary is based largely on OSRD-6629. 
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the sensitiveness of the explosive and the hazards iu- 
volved in Us nse be made from the results of the four 
sets of tests rather than from any one test alone. 
Table + gives test data on a 


explosives. 


number of important 


Г TO 1ке 

lor most of the work a Bureau of Mines type im- 
pact machine was employed with a maximum height 
of fall of 100 cin and equipped with 1-, 2-, and 5-ke 
weights. This was later supplemented by a larger im- 
pact machine giving heights up to 200 cm. Impacts 
were usnally run with one of the following hammer- 
and-anvil combmations : 

Design 1 l-in. diameter flat anvil, 0.5-1n.. diam- 
eter flat hammer. 
Design LA Same, but surfaces roughened by sand- 

blasting with. No. 30 corundum. 


CS 


Desigu Anvil as in design 1. 0.206-1n. diameter 
hannner, explosive placed їп a 0.508- 
nm. diameter copper cup which rested 
оп anvil. 

Design 5 Anvil as in design 1. Explosive placed 
m a 0.307- by 144 g-in. cavity in a 0.5-in. 
diameter by 0.25-10. steel cylinder which 
Hammer. 0.506-1n. 


rested on anvil. 


diameter. 

The designs most adaptable to use for a wide van- 
etv of explosives are ТА and 5. However, all four were 
used rather extensively in addition to one or two 
others. Hammers and anvils were of tool steel hard- 
ened to Rockwell € 60. 

One of the most important discoveries. was the 
effect of thickness of explosive layer on the sensitive- 
hess results. Actually. the mass of the explosive sample 
is the important vanable rather than the thickness. 
Thus, the height of fall is very little affected when 
PETN or nitromannite is precompressed up to 24,000 
psi. Other evidence shows that the mass of the sample 
taken, rather than its volume. is decisive: heavier 1m- 
pacts ave required for larger samples. Hence sample 
weights should always be specified. Two samples of 
the same explosive of differing bulk density will give 
the same results If their werghts ave the same but not 
their volumes. For explosives of low melting point 
the effect of quantity of explosive on height of fall is 
small. Apparently the sample melts and enough 1s 
expelled to give a constant thickness. 

Regardless of the design used (except for very 
rough sand-blasted surfaces) the graph of height of 
fall versus weight of explosive sample was always 


linear. A audous fact is the observation that for ex- 
plosives such as POTN and nitromannite the height 
of fall apparently becomes independent of the weight 
as the thickness of the explosive laver on the anvil 
approaches zero. That is, the graphs of height versus 
quantity of explosive for 1-, 2-, and 5-kg weights 
come to a common intercept on the height axis. Thus 
for very thin layers the velocity of the falhng weight, 
viven by V/2gh, rather than the energy, becomes the 
controlling factor. Originally Cvelonite did not appear 
to behave like PETN, as the Intercepts for the differ- 
ent weights did not come at the same point ; however, 
more recent samples of Cyclonite have been found to 
behave 1n the same way as PETN. Generally the re- 
sults obeved the law, 


M(h-—h,) = constant, 


(M == mass of talline weicht FT heeht of EMO 
5076 shots, and Aa = the intercept on the height axis 
lor zero quantity of explosive.) 

The addition of 5% of grit (Silex— 200-mesh sil- 
ica) Increased the sensitiveness of most high explo- 
sives by a factor of 6 to 10. Increased particle size of 
the explosive decreased its sensitiveness. Adiabatic 
compression. of the aim adjacent to the sample was 
without effect. Hardness of the impacting metals and 
rigidity of the архи are of great importance as sen- 
sitiveness decreases markedly for softer metals or for 
even slight cushioning of the anvil. Initiation of the 
explosive apparently results from the compression of 
the explosive, from frictional effects between individ— 
nal particles, and from flow across the metal surfaces. 
The most satisfactory hammer-and-anvil combination 


UD 


appears to be Design 5 in which even TNT can be 
brought within the range of a 2-kg weight on a 100- 
cin machine. 

From a practical viewpoint it appears that impacts 
and frictional impacts even between relatively soft 
metals should be avoided, as should impacts under 
confinement. The presence of finely divided explo- 
sives, thin layers, ete., should be avoided as far as 
possible. Considerable hazards exist im the use of 
metals until their hardness becomes less than that of 
annealed copper; the hazards are markedly reduced 
for lead. 


SEN SURV E TO FRICTION 


In investigating friction sensitiveness most of the 
work was carried out with a modification of the Bu- 
rean of Mines small friction. pendulum, but two 
rotating pin arrangements were also investigated. In 
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the first, a smal] amount of explosive was mixed with 
Silex (a powdered silica) and ground under a rotat- 
ing pin In à small copper cup. The second rotating- 
pin method involved grinding the explosive between 
a fixed anvil and a rotating pin to which pressure was 
applied with a hydraulic press. It was found that even 
with PETN, it was extremely difficult to cause shots 
with this apparatus, so its use was not further exam- 
ined. 

Because of the difficulties encountered with the 
rotating-pin method, all the rest of the friction work 
was carried out with a modified friction pendulum in 
which a narrow shoe or a ball bearing was used for the 
pendulum bob and fresh metal surfaces were used for 
each trial. By using sand-blasted surfaces it has been 
possible to extend the range of the machine to include 
not only initiating explosives but also explosives as 
insensitive as Tetryl and Composition В. Fresh sur- 
faces are used for each trial. 

In carrying out the friction tests one can use either 
sand-blasted surfaces for the anvil and the pendulum 
shoe, or use smooth surfaces and mix grit with the 
explosive. The pressure exerted on the anvil depends 
on the angle of incidence of the pendulum. It was 
found, however, that the height of fall generally de- 
creased to a constant value when the angle of incidence 
exceeded a certain minimum, generally 2 to 4°, and 
then remained constant over the range tested, usnally 
up to 10 to 12°. Loudness of shots 1s increased as the 
angle of incidence increases and as the area between 
contacting surfaces increases. The effect of increasing 
the pendulum weight is to decrease the height of fall 
continuously as the weight added to the pendulum is 
changed from 1 to 10 kg. 

Rigidity of the anvil backing has little influence on 
sensitiveness. This 15 in contrast to the results ob- 
tained on an Impact machine. Sensitization by grit 
is marked. 

Increasing roughness of the pendulum and anvil 
results ın a decreasing height of fall. The sensitiveness 
is independent of the thickness of the explosive layer 
until it becomes less than about 8 mg per sqnare cen- 
tineter, apparently because the excess explosive is 
pushed out of the way by the pendulum so that, 1n 
effect, thickness is independent of the quantity of ex- 
plosive used in a trial. Sensitiveness is not decreased 
for impacts between hardened steel and soft metals 
until one of the metals becomes softer than annealed 
copper. When both metals are the same there 1s a 
steady decrease in the hazard as the metals become 
softer. 


SENSITIVENESS ТО GLANCING IMPACT 


A sliding rod machine in which a rod with a hemi- 
spherical nose slides down a trough aud strikes the 
sample of explosive оп an anvil was investigated in 
order to determine 1ts usefulness. In this machine the 
height of fall for hardened steel nosepiece and anvil 
increases as the angle of impact comes closer to the 
vertical. For softer anvils, however, maximum hazard 
seems to occur at an angle of about 65 to 70°. The 
machine does not appear of much utility for military 
explosives less sensitive than Cyclomte, since it was 
not possible to secure audible shots or reproducible 
results with most such explosives. It does offer con- 
siderable utility in assessing the hazards of metals 
and other materials of construction. 


SENSITIVENESS TO DETONATION BY INITIATING 
EXPLOSIVES 

An improved minimum priming charge test was 
developed. This test is a measure of the minimum 
weight of initiator required to detonate a charge of 
the explosive under study. Previously a primer had 
been used together with an intermediate water charge 
when necessary for insensitive explosives; the use of 
the wafer charge made comparisons between sensitive 
and insensitive explosives difficult. By employing as 
the primer a 40/60 mixture of lead azide and РЕТМ 
It was possible to do away with the intermediate wafer 
charge; the lead azide-PETN primer will detonate 
insensitive as well as sensitive explosives. 

Prior to the development of the azide-PETN 
primer, the minimum-priming charges of a large num- 
ber of explosives, both pressed and east, were deter- 
mined by using a diazodinitrophenol primer with a 
PETN water charge when necessary. A very satis- 
factory correlation was observed between the impact 
sensitiveness as determined m the design 5 machine 
and the minimum pruning charge for either the azide- 
PETN primer or the diazodinitrophenol primer with 
PETN wafer. The correlation was better with the 
azide-P EN primer. Since cast explosives аге so much 
less sensitive than pressed, it 1s necessary to compare 
the two types separately. 


SENSITIVENESS BULLETS 


Extensive studies were made on various aspects of 
sensitiveness to rifle bullet impact. In these tests the 
container for the explosive was a short piece of pipe 
with a metal plate welded to one end. The explosive 
was then either cast or pressed into this container and 
a disk of steel or other material pressed firmly against 
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the surface of the explosive. This container was laid 
on its side with its base against a steel block and bul- 
lets were fired into the explosive through the disk 
along the axis of the container. ‘This arrangement made 
it possible to study a number of factors influencing 
the production of detonations. The length of the ex- 
plosive column did not greatly affect the sensitiveness 
to bullet impact. Increasing the diameter of the ex- 
plosive column from one inch to two inches appeared 
to increase the proportion of partial detonations to 
complete detonations. 

The influence of container material was extensively 
investigated. When only the disk through which the 
bullet penetrated was changed, detonations of 50/50 
Pentolite were produced about as readily with copper 
as with mild steel, but somewhat less so with hard 
lead or Duralumin, and least readily with maple. In 
fact, maple gave about the same results as if there 
were no disk at all on top of the explosive. When, 
however, the base of the bomb was changed and bul- 
lets fired at the explosive with no disk on top of it, 
rather surprising results were obtained. Here the larg- 
est proportion of detonations occurred with maple 
and transite bases, and relatively few detonations re- 
sulted in the bombs with metal bases. It 1s thought 
this may be because the base of maple or transite was 
easily shattered by the bullet and the explosive forced 
against the steel backing block. When, however, the 
cylindrical casing wall was made of different mate- 


rials with steel base and frontal disk, detonations were 
produced regularly with mild steel, monel metal, or 
Duralumin casings. Detonations occurred less fre- 
quently with yellow brass and copper, not at all with 
maple, and only occasionally with Phenolite or hard 
lead. This indicates that the side wall confinement of 
the charge is an important factor in the production 
of detonations. When the bomb was made entirely of 
a single material, all detonations were produced when 
made of steel and 50% with monel metal, very few 
detonations with Duralumin, yellow brass, or copper, 
and none at all with hard lead or Phenolite. When the 
whole bomb was made of maple there were, surpris- 
ingly enough, 80% detonations which possibly may be 
explained from the shattering action of the bullet on 
the maple base and the consequent impact on the steel 
backing block. 

Maximum sensitiveness in the rifle bullet test 
occurs when the thickness of the metal pierced by the 
bullet before 1t hits the explosive is about 34 g-inch. 
Soft-nosed bullets are more effective than armor- 
piercing and the latter are more likely to cause de- 
tonations 1f made with flattened noses. In small scale 
tests, liners of asphalt or other soft material appeared 
to decrease sensitiveness, although subsequent larger- 
scale tests on full-sized bombs showed little value for 
asphalt liners. There was not much difference in 
rifle bullet sensitiveness of cast explosives and pressed 
explosives at the same density. 


TABLE 4. Sensitiveness of military explosives. 


Height of fall (em) necessary for 50% shots 


Friction pendulum 


30 mg sample Hercules 
Sandblasted surfaces sliding rod m uu | 
Оп. х TE салды гед Minimum priming charge (р) Rifle-bullet test 


PETN-lead Reg disk bomb, 


Plane 2-in. ball ball, 4 kg jÎ surfaces, 45? 
sandblasted | 5 kg weight, weight, 4° slide angle Diazo initiator azide initiator 4%-in. steel disk 
Design 5 surfaces 89 angle of angle of 10 Ib rod Pressed Pressed per cent detonations 
4 kg weight 5 kg weight incidence incidence |30 mg sample |(d = 1.4 g/cc) Cast (d= 1.4 g/cc) Cast Pressed Cast 
Ammonium 
Picrate 99 TS 100 0.27 ix F - 10 Ме 
Amatol 50/50 .. ) 22.5 0.25 057  .. И 0 0 
Composition АЗ 46 29 * ә = 0.21 T T T F F 
Composition B2 38 61 16 91 9.5 17 ‚27 um ,20 a 50 
Composition B 38 54 16 38 100 21 ‚дд ЕУ .28 ae 10 
Cyclonite D 25 18 25 10 13 Е T i 100 = 
DBX 50 20 18 E 42 .19 .43 UR A. 40 90 
DINA 8 mi 11 - 90 15 ‚29 - ‚20 - S 
EDNA 9 F D 27 30 19 F F v 90 100 
Minol П 80 2 20 - ol 27 .85 T 42 E 80 
Nitromannite 15 12 El 3 5.5 * " F F К pA 
Pentolite 50/50 28 Й 19 и 9 di Л da 16 20 100 
PETN 16 19 1.5 il 9 .09 T „04 100 
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2.3 PERFORMANCE: 


At the Explosives Research Laboratory," where 
essentially all of the work of Division 8# on the per- 
formance of high explosives was done, two tests were 
used for the laboratory-scale assessment of the per- 
formance or effectiveness of explosives. They are the 
ballistic mortar and plate-denting tests. The quanti- 
ties measured by these two tests are called the power 
and the brisanee, respectively. Other measurements, 
such as the determination of the velocity of detona- 
tion, the cavity-charge performance, and the frag- 
ment velocity. are in general related to performance, 
but only the first has been systematically measured 
for many explosives. [t 1s discussed in Section 2.4. 


BALLISTIC MORTAR 


The ballistic mortar has been systematically used 
in the Explosives Research Laboratory to determine 
the power of explosives and explosive mixtures. This 
is a standard instrument and has been described in 
the open literature. With the ballistic mortar one de- 
termines essentially the number of grams of TNT 
required to give the same deflection as 100 grams of 
the explosive under test; this value, called the power 
or TV (TNT value), is the expression of the test rce- 
sults. These values are generally somewhat different 
from those obtamed in the Trauzl Lead Block Test, 
but the method is very convenient, and the results 
seem to be equally valid. Ballistic mortar values are 
particularly useful for new explosive substances. The 
mortar tends to exaggerate the effectiveness of ma- 
terials containing large amounts of ammonium nitrate 
and perhaps does not fairly recognize the improve- 
ment in performance effected by aluminum powder. 
Some typical ballistic mortar values are given in 
Table 5. 


Pug PLATE-DENTING Trst 

For certain materials, particularly plastic explo- 
sives, the conditions 1n. the ballistic mortar seem to 
be rather remote from the conditions which will be 
encountered In use. For such explosives the contact 
effectiveness, or brisance, seems more Important than 
the power. To measure this property we have used 
plate-denting tests, in which an essentially unconfined 
stick of explosive is detonated with its flat end m 


‘This section is taken from a summary prepared by E. H. 
Ityster. 

E Division S considered only certain aspects of the performance 
of high explosives. The work of Division 8 should be supple- 
mented by an examination of the work of Division 2, which 
was directly concerned with damage from high explosives. 


contact with a heavy steel plate. The depth of the 
dent made in the stecl can usually be measured ac- 
curately and has been taken as a measure of the per- 
formance under these conditions. The density of the 
test cylinder is of great importance. For cast or 
plastie explosives this density is usually fixed and 
characteristic of the explosive, but for pressed mate- 
rials it is not determined. Just how to treat such 
matertals has not been settled. The practice at the 
Explosives Research Laboratory has been to prepare 
a cylinder of as high density as possible and to test 
it. The results are generally expressed as 100 times 
the ratio of the depth of dent produced by the test 
sample to that produced by a good TNT casting. 
Typical plate-denting values are given in Table 5. 


24 VELOCITY OF DETONATION? 


The velocity of detonation is one of the few prop- 
erties of high explosives capable of precise definition 
and measurement. The velocity of detonation can be 
calculated according to the hydrodynamic theory of 
detonation from the loading density, the equation of 
state of the product gases, and other purely thermal 
data." If agreement between the observed and the 
calculated velocities is obtained over a range of load- 
mg densities, the equation of state assumed to apply 
to the product gases can be used with some con- 
fidence to estimate quantities such as the detonation 
pressure and the detonation temperature; quantities 
which are of more practical interest than the detona- 
поп velocity, but which are not at present capable of 
direct measurement. 

In order to make the comparison between observed 
and calculated velocities, it is necessary to have dce- 
tonation velocity data which are truly characteristic 
of the explosive. The hydrodynamic theory takes no 
account of the rate of chemical reaction in the detona- 
tion wave. Experimentally this finite rate of reaction 
exerts a marked effect on the measured detonation 
velocity unless care is taken to eliminate it. For an 
infinitely fast chemical reaction, the full thermo- 
dynamice detonation velocity is developed in a charge 
of any size; for a finite reaction rate, however, the 
full velocity 1s developed only if the charge diameter 
is suffierently large so that the chemical decomposi- 
tion in the center of the charge is completed before 
the pressure at that point is appreciably reduced by 


hThis section is based on а summary prepared by G. Н. 


Messerly. 


VELOCITY OF DETONATION 





rarefaction waves originating at the surface of the 


charge. 


[t is fairly well established that the detonative de- 
Composition of solid explosives takes place through 
the progressive destruction of surface layers of the 
component particles.** If the primary surface reac- 
tion is the rate-controlling step in this decomposi- 
tion, the detonation velocity will, for charges smaller 
than the critical size, depend on the particle size of 
the charge material as well as the diameter of the 


charge. 


7 
Mortar 
(PINT = 100) 
3 142 
9 130 
6 128 

123 
3. 99 
8 96 
D 129 
11 135 
3 l3? 
2 9S 
29 133 
9 143 
14 133 
3 135 
2 146 
7 [27 
Т 143 
34 139 
3 117 
2 121 
16 21 
134 
1533 
6 15 
E 143 
ә 117 
14 1535 
3 104 
El 126 
D 15 
34 145 
3 100 
NSS 119 
3; 132 
13S 
ca. 100 150 
3 118 
51 130 
з po» 
4 100 
|I 134 
3 124 
5 123 
(100) 


ғ 
Brisance 

Dens. Re. Br. 
1.719 110 
1553392 52 
ud» 127 
1.611 126 
1.52 111 
1.716 10537 
[8725 136 
02 102 
I5» 2 112652 (45) 
1.730 106 
1.719 NE(c) 
1.662 121 
1.630 100 

684 127 
1.712 141 
E27 85 
e592 Bs: 
1.660 118 
L550 96 
1.829 120 
1E 55; 93 
1.667 S5 
1.602 (100) 


TABLE a. 
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Det. 
Dens. 


1.70 


5S 
. 90 


1.60 


Vel. 
Rate 


7800 
5200 
5900 
6400 
7050 
5450 
1600 
8200 
8240 


1490 
7/800 
7790 


6700 
6800 
7650 


— a п” 


( 550 


7930 
7160 


4400 


45 


Since the reaction rate depends on the detonation 


pressure, and this in turn on the density of the charge, 


the magnitude of the diameter and particle size effects 
are also functions of the charge density, being In gen- 
eral more pronounced in the lower density region. 

In order to obtain data which are. theoretically 
significant, effects of both charge diameter апа par- 
ticle size must be eliminated. А great deal of the 
experimental work on detonation velocities was direc- 
ted toward this end. Charges of increasingly large 


diameter and decreasing gerist size were fired In ап 


Performance of high explosives. * 


10 IE 
l'rag. Vel. 
Vel. (rel) Stability 

Dens. Jobs = UR Vac. Therm. 

1.696 113 

10595 73 
0.87(120) N.A. 
0.00(120) Х.А. 
5.47(120) МА. 

1.608 108 

1.566 109 

тат 92 0.08(120) N.A. 
0.50(120) N.A. 

1.672 114 1.48(120) N.A. 
0.600100) N.A. 
5.010100) 
О ОТОО) Е Е 

1.600 104(55/45) 0.38(100) N.A. 
4.57(100) 55 
3.72(100)  60' 

1.687 ү» 5.02(120) 
1.48(120) N.A. 
0.54(100) N.A. 

EC-5hr(100) 50 

1052 108 2.10(100) 45 
0.0(100) 100’ 
о ТОСОЖ 1:351 

1.618 99 

1.644 111 

1.676 5 

0.38-24(150) N.A. 

1:395 102 0.14(120) 

1.544 94 

1.7658(41/41/18) 116 0.64(120) N.A 

1.82(70/30) 07 0.10(120) 

1.642 98 


Explosive 


Aluminized Comp. A 
Amatol—$80/20 
Amatol—60 /40 
Amatol—50/50 
Ammonium Picrate 
Baronal 

Borotorpex (46/44/10) 
Comp. A-3 

Comp. A—12% Wax 
Comp. А/ КМО; — 50/30 
Comp. В 

Comp. C-2 
Cyclotol—60 /40 
Cyclotol—70/30 

DBX 

Diethylene glycol dinitrate 
DINA 

Haleite 
Ednatol—50/50 
IZdnatol—060 /40 
Fivonite 
RDX/Fivonite—53/47 
HBN 


Hexanitrodiphenylamine 
Minol—II 

MNO 

NENO 
Nitroguanidine 
Pentolite—50/50 
PE P-2 

PETN 
Picratol—52 /48 
Picric Acid 
PTX-1 

PTX-2 

RDS 

КІРЕ 

Tetryl 
Tetrytol—75/25 
TNT D-2 
'Torpex—II 
'Tritonal—80/20 
'Tritonal—80/20, D-2 
TNT 





*Data from the Explosives Researeh Laboratory. 





46 THE PROPERTIES OF HIGH EXPLOSIVES 





effort to demonstrate that the detonation velocities 
finally obtamed were truly invariant to these specific 
influences. 

The velocity work was performed with a rotating 
drum camera with a speed of 240 meters per sec- 
опа. The camera consists of an aluminum alloy 
drum (in the shape of a shallow angel food cake pan) 
circumference a meter 
length of 55-mm film. The drum is driven by а 30- 


Which carries on its mner 
rpm, 2-hp synchronous motor through an 8/1 speed 
increaser. Motor, speed increaser, and drum are in- 
closed in a 24-1n. diameter pipe which is evacuated 
to 10-cm mercury to decrease the windage on the 
drum. The drum rotates in a vertical plane, and the 
image of a vertical cylindrical column of explosive 1s 
formed on the film on the inner circumference of 
the drum by means of an f2.0, 5-in. lens and а right 
angle prism. A 0.002-in. slit at 0.025 in. above the 
moving film cuts off all the image of the explosive 
charge except a narrow central portion, and thereby 
greatly increases the time resolution of the camera. 

The explosive charge is fired in а light-tight, bomb- 
proof chamber, and viewed by the camera thru 3%, 
inches of bullet-resisting glass. The detonation wave 
initiated at one end of the explosive charge is self- 
luminous, and the combined motion of the image of 
the detonation wave across the film and the longi- 
tudinal motion of the film produce a slanting line 
whose slope is simply related to the detonation wave 
velocity. 

Lhe first work done with this equipment furnished 
a variety of information on the nature of the detona- 
tion process. It was found that the luminosity of a 
detonating charge origmates mainly in the intense 
shock wave produced by the detonation in the sur- 
rounding atmosphere." 

Various atmospheres differ markedly in their light- 
emitting character, an observation which led to the 
development of the explosive flash photography tech- 
nique.?* The duration and Intensity of the luminous 
radiation emitted by detonating explosives 1s altered 
markedly by the presence or absence of a transparent 
covering on the charge, and by the spacing between 
such a covering and the surface of the charge. These 
results showed that the width of the luminous zone 
in detonating explosives 1s not a measure of the width 
of the reaction zone as had been sometimes assumed. 
As a matter of fact, later studies have shown tliat 
this statement is still true when the shock light is 
eliminated, and the radiation originating only within 
the detonating explosive is examined.?? 


Ihe first detonation velocity results obtained with 
this equipment appear in reference 40. Most of the 
compounds reported were subsequently reinvestigated 
and their detonation velocity curves revised upward 
when it was found that maximum rates had not been 
attaimed.*"*? The general conclusions arrived at in 
reference 40 have not been invalidated, however. The 
detonation velocities of most explosives are linear 
functions of the charge density in the density range 
0.8 to 1.6, with a slope which averages 3,500 meters 
per second per density unit. The charge diameter and 
particle size effects are most serious in the lower 
density range, below 1.2, where larger diameter 
charges, and fmer grist charge material are necessary 
to obtain the thermodynamic maximum velocity than 
for the more densely packed charges. The belief. that 
high brisauce 15 necessarily an attribute of high de- 
tonation velocity was shown to be not generally true. 

A summary of all the detonation velocity data 
obtained at the Explosives Research Laboratory to 
the time of its closing is given in reference 41. Detona- 
tion velocity data for most of the common explosives 
are reported in considerable detail. For most of the 
explosives studied, it 18 believed that the curves given 
m that report approach closely to the full thermody- 
namie rate. A selection of the data is given in Table 5. 

Attempts have been made to obtain an equation of 
state which would satisfactorily represent the experi- 
mental detonation velocity data for different kinds 
of explosives over a range of charge densities.***? 
The experimental data used both in determining the 
parameters of the equation of state, and in testing 
the resulting equation were subsequently found not 
to represent the maximum velocities of the explosives 
considered. These data were from reference 40, and 
previous interim reports; and the rather indifferent 
results of the theoretical treatment may be attributed 
mainly to madequacy of experimental data on which 
it was based, although there is also some question as 
to whether the form assumed for the equation of 
state 15 entirely correct. This subject could profitably 
he reconsidered with the newer velocity data now 
available. 

In addition to the explosive compounds and mix- 
tures which show the usual linear density-velocity 
relation two reports have treated the abnormal be- 
havior of explosives containing ammonium nitrate*® 
and of mixtures of ammonium picrate of different 
grist sizes.*? The nitrate explosives show a normal rate 
in the low-density range and an abnormally low rate at 
higher density, and thus constitute an exception to 
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the usual ease of maximum deviation from thermo- 
dynamic rate at low-charge density. A mixture of 
ammonium picrate of fine and coarse grist size was 
found to detonate at a lower rate than either the fine 
or coarse grist material alone. No satisfactory ex- 
planation of either phenomenon has been advanced. 

Most of the detonation velocity studies were, as 
mentioned above. directed toward obtaining the true 
thermodynamic velocity of the various explosives. 
However, some work was done on a systematice study 
of the rate-diameter relationship which would permit 
an estimation of the detonation reaction zone length 
according to the theoretical developments of Jones 
and Eyring. The fivst results of this study have been 
reported.*® Further studies would be very helpful in 
elucidating the nature and mechanism of the de- 
tonation process. For this purpose, however, 1t would 
be well to review the experimental procedure used in 
both the preparation of the charge and 1n the meas- 
urement of the velocity; since for the velocity-dia- 
meter studies to be most useful, the maximum ex- 
perimental precision 15 required. In this connection 
it should be noted that the velocity data reported by 
Cybulski from the Safety in Mines Research Station 
at Buxton in England show considerably greater re- 
producibility than do the Bruceton data. It would be 
useful to investigate the apparatus and methods of 
Cybulski before further extensive velocity work 1s 
undertaken. 

In addition to the reaction zone length studies 
there are reported in reference 48 the results of 
measurements of the detonation velocity of insufli- 
ciently boostered cased charges, which were under- 
taken in an attempt to determine the effect of low- 
order detonation on the fragmentation of the shell 
case, and studies on the steady-state shape of the 
detonation wave in various cylindrical explosive 
charges. 

The significance of a number of experiments on the 
detonation velocity close to the point of initiation 


has been eonsidered.*5:4? 
2.9 HEATS OF COMBUSTION 


The heats of combustion of some fifty nitrated 
organic compounds have been determined by burning 
the compounds in oxygen in a constant-volume cal- 
orimetric bomb. The aceuracy of the combustion tech- 
nique is better than 0.1% ; errors due to impurities 
in the samples may be considerably larger, however. 
From the heats of combustion, the heats of formation 





were ealeulated; and, for those compounds of par- 
ticular mterest, the velocities of detonation were cal- 
culated according to the procedure described in ref- 
erence 33. 

Some preliminary rules were developed for pre- 
dicting the heat of formation of nitrated organic 
compounds, An example will illustrate the procedure. 
The heat of formation of nitroethane, CH,CH,NO,, 
is —33 kcal per mole. The heat of formation of 
ethane, CHCH}, is —22 keal per mole. The differ- 
ence, —10 kcal per mole, is the change m the heat 
of formation accompanying the replacement of an 
aliphatie hydrogen atom by a nitro group. Similarly, 
the changes in the heat of formation accompanying 
(1) the replacement of a hydroxyl hydrogen atom 
by NO, (OH —> ONO,) is +25 keal per mole; (2) 
the replacement of an aliphatic amino hydrogen atom 
by NO, (—NH—> —NNO,) is —7 keal per mole; 
(3) the replacement of an aliphatic amino hydrogen 
atom by NO, when the amino group 1s attached to a 
phenyl group (C,H,NH — C,IT;NNO,) is 417 
keal per mole; and (4) the replacement of an anudo 
hydrogen atom by NO, (CONH — CON NO,) is + 18 
kcal per mole. Replacement of an aromatic hydrogen 
atom by a nitro group 15 not amenable to such simple 
treatment.???! 

In a later investigation? the heats of combustion 
of some twenty organic explosives were determined. 
The accuracy of the determinations was at least equal 
to that of the earlier work, and, since the purity of 
ihe samples was greater, the results are believed to 
he more reliable. Heats of combustion of eight exten- 
sively used explosives are given in. Table 6. For 
experimental procedures and for results with the 
other sixty-odd explosives whose heats of combustion 
have been measured, reference should be made to the 





original reports. 
TABLE 6. Heats of combustion. 


Heat of 
combustion 
Molecular (keal/mole at 


Explosive weight 1atmosphere) 

1. Ammonium picrate 246.14 674.76 
2. Diethanolnitramine dinitrate 

DINA 240.14 573.69 
3. Haleite (ethylenedinitramine) * 150.05 369.7 
4. Hexanitrodiphenylamine hexanite* 439.04 1310.6 
5. Nitroguanidine 104.07 207.15 
6. Picric acid 229.17 611.93 
7. Tetryl Ds 896.78 
8. ТМТ 2 814.30 


*Data for compounds З and 4 are taken from OSRD 702.9 Data for 
the other compounds are from OSRD 5306.6? 
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26 IDENTIFICATION AND ANALYSIS 


Four methods were applied to the analysis and 
identification of high explosives: color tests, polaro- 
graphy, microscopy, and chromatography. Chroma- 
tography was used particularly with RDX and related 
compounds: this application was discussed m Section 
1.2. Microscopy as applied to individual high ex- 
plosives has been mentioned in Sections 1.2, 1.3, and 
1.4. The general appheations of microscopy to high 
explosives and boosters are discussed below; applica- 
tions to primer compositions are considered im Chap- 
— | 

The most widely applicable and simplest analvti- 
cal procedure developed consists of eleven color tests 
which permit identification of sixteen well-known 
high explosives. The tests, which require only the 
simplest of apparatus. are applicable in the field as 
well as m the laboratorv. The procedure is written 
in such a wav as to enable the tests to be used bv 
nontechnical personnel. The tests are also useful for 
the identification of eight widely used binary explo- 
sive mixtures: this, however, requires Judgment and 
ingenuity on the part of the operator m selecting the 
proper order of application of the tests and in iu- 
terpreting the results of the tests.” 

An attempt was begun in the spring of 1945 to 
evaluate the usefulness of the polarograph as an ana- 
lytical tool by a study of the polarographic behavior 
of some simple aromatic nitro compounds апа of 
PND, Petry] and picric acid. It was conelnded that 
it would be possible to determine small amounts of 
the highly nitrated compounds when they were mixed 
with large amounts of less highly nitrated materials, 
but the reverse 1s generally not possible. Further, and 
more discouraging. it was not possible to distinguish 
with sufficient. accuracy between two compounds of 
the same degree of nitration, for example, ТАТ and 
реге acid. Conseqnently the work was discon- 
tinued.? Much more success attended the investiga- 
tion of primer mixtures which is described in Chap- 
ter 7. In the application of microscopy to the iden- 
tification and analysis of explosives, thirty-two high 
explosives aud boosters, selected after consultation 
with the Services. were examined as pure individuals 
and mixtures. Two methods were developed for the 
analysis of these compounds.” 

The first procedure is based upon the classical 
methods of optical crystallography. It requires that 
the analyst have available complete data on the erys- 
tallographice properties of the compounds which are 


likely to be encountered in an unknown sample. C'om- 
parison of the crystallographic properties of the con- 
stituents of the unknown sample with those of known 
compounds 1s sufficient to establish the composition 
of the sample. All the crystallographic data on mili- 
tary explosives necessary for analysis by the optical 
crystallographic method are presented in refer- 
MES 

The utility of the optical crystallographic method 
for analyzing simple or mixed explosives suffers from 
the faet that it is slow. Determination of the complete 
optical crystallographic properties of an organie com- 
pound may require anywhere from a few hours to a 
few days. Further, it requires that the analvst have 
expert training in optical crystallography. 

The second procedure for the microscopical analysis 
of high explosives is the method of fusion analysis, 
which is not subject to the limitations noted for the 
optical crystallographic method. The fusion method 
also makes use of microscopical techniques but it can 
be employed hy the average analyst. after а brief 
period of instruction, and permits a very rapid 
analysis with a few milligrams of the sample. The 
basis for the method was established by Lehmann in 
1891 when he showed that an organic compound 
crystallizes from its own melt in a very characteristic 
fashion.” Further work in this field by MeCrone had 
shown that the techniqne of fusion analysis is a most 
useful analytical method for certain types of organic 
compounds, particularly for some high explosives.’ 

The method of fusion analysis is the observation, 
usnally with the microscope, of the behavior of an 
organic compound when heated slowly on а micro- 
scope slide under a cover glass up to its melting point, 
followed by slow cooling to room temperature. Dur- 
ing this process 1t 1s nsually possible to observe so 
many characteristic properties of the compound that 
identification may be established within a few min- 
nues 

Observation of the properties of the crystal-front 
may often be facilitated by carrying out a mixed 
fusion of the sample with thymol. By this procedure 
rapid crystallization is retarded and the crystal-front 
Is stabilized for a more leisurely examination. Other 
visible phenomena which may oceur in the course of 
the fusion analysis are frequently useful in identify- 
ing the material. These Include volume changes in 
coohug with the formation of characteristic shrink- 
age cracks, color and pleochroism, twinning. poly- 
morphic transformations, and anomalous variation in 
polarization colors. 
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With the addition of a few modifications, the tech- 
nique of fusion analysis has been successfully applied 
to the examination of more than forty high-explosive 
compositions which Include the following: Alumatol, 
Amatex, Amatol, Baronal, Compositions A, D, and C, 
Ednatol, Ednatal, Minol, Minex, Pentolite, Pentonal, 
Schneiderite, l'etratol, l'orpex, Trimonite. 

In addition to obtaining information regarding 


the qualitative composition of the mixture it is fre- 
quently possible by microscopical methods to estab- 
lish whether the sample is uniform in composition ; 
whether it has a surface coating of wax, graplutoe, 
or the hke; and whether the sample is cast or pressed. 
In addition the purity of the individual components 
may be assayed and the approximate percentage com- 
position. of the mixture may be determined. 





Chapter 3 


APPLICATIONS OF HIGH EXPLOSIVES 


Г THIS CHAPTER are considered a variety of specific 
applieations of high explosives. Most of these ap- 
plications (Sections 3.1 to 8.6) utilize the shaped- 
charge effect, and an understanding of them will be 
helped bv a careful stndy of Chapter 4, in which 
fundamental work on shaped charges is described. 
[n addition there will be found in Sections 5.7 to 
3.10 descriptions of such diverse topics as an im- 
proved hand grenade, explosive streamers, liquid ex- 
plosives, and a procedure for increasing the bright- 
ness of shell bursts. 


3.1 SHAPED-CHARGE BOMBS* 


Since early in World War II there has been in- 
terest in the possibility of using the cavity effect in 
à large bomb for attack on massive targets. The tar- 
vets most often considered were the heavy concrete 
submarine pens installed by the Germans at several 
places along the French coast, for these structures 
had proved to be invulnerable to attack by conven- 
tional and available bombs. However, two factors 
tended to make the use of cavity-charge bombs un- 
attractive. One was the fact that, while the jet from 
such a bomb would have great penetrating power, it 
Was problematical how much damage the jet would 
do to installations beyond the heavy concrete protec- 
tion; the other was the necessity for scoring a direct 
hit if the jet was to have any chance of accomplishing 
its mission. Since the installation of a cavity m the 
nose of a bomb reduces its explosive capacity by 20 
to 30 per cent, it was argued that all bombs so modi- 
fied wonld suffer a loss of this amount in general 
blast effectiveness, while only a very small percentage 
would actually utilize the penetrating power of the 
jet. As a result of these considerations, development 
of shaped-charge bombs proceeded very slowly, al- 
though a few were constructed and tested. 

In the fall of 1944, the Navy became interested in 
using shaped-charge bombs against warships. While 
the foree of the arguments just mentioned was rec- 
ognized, there were two reasons why the point of 
view had changed somewhat. As a result of expori- 
ence with the bazooka and other shaped-charge de- 


aThis section is taken from a report prepared by D. Р. 
Nac Dougall.» 


vices, It was realized that most tanks put out of ac- 
tion by snch weapons were damaged by the burning 
of the fuel supply or by an explosion of the ammuni- 
tion caused by the jet rather than by direct mechan- 
ical action of the jet. It seemed reasonable to con- 
sider a warship as similar to a tank but on a larger 
scale. Although it is undoubtedly true that putting 
à hole through the decks of the ship would not put 1t 
out of action, ап accompanying ignition of the fuel 
supply or explosion of the magazine might well do so. 
Furthermore the development of guided missiles had 
been proceeding successfully, and, by the use of a 
egwiding device such as Razon, a high percentage of 
hits could be anticipated even against such a small 
target as a ship. As a result of considerations such as 
these the Navy requested that shaped-charge bombs 
in a variety of sizes be developed and procured on 
high priority. The highest priority was given to the 
1,000-1b size since, by making it ballistically equiva- 
lent to the 1,000-1 GP bomb, it would be possible to 
equip it with guiding attachments which were already 
developed. 

By agreement among representatives of the Navy 
Bureau of Ordnance, the Army Ordnance Depart- 
ment, and NDRC Division 8, the Ordnance Depart- 
ment undertook the procurement of a number of 
shaped-charge bombs in all sizes from 100 to 2,000 
Ib, using 60-degree drawn steel cones for the cavity 
liners. The Explosives Research Laboratory [ERL] 
of Division 8 undertook to carry out small-scale tests 
of various designs of bombs against various model 
ship targets and to design and procure bombs in the 
1,000-Ib size, using formed and welded  45-degroee 
steel cones as the cavity liners. It was felt that 45-de- 
отсе cones might have advantages, but that they 
could not be drawn easily. The Naval Proving Ground 
at Dahlgren agreed to test the full-scale bombs by 
firing them statically against spaced armor plate tar- 
gets representing ship decks. 

It had been hoped and expected when the program 
was started that the jet from the 1,000-Ib bomb 
would perforate all the decks of a Japanese battleship 
and still have sufficient residual foree to ignite fuel 
oil or explode ammunition. It was realized, however, 
that it is difficult to predict with any kind of preci- 
sion the performance of a shaped-charge munition 
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agaist such a complicated spaced plate target as a 
warship, although its performance against a single 
massive plate could be estimated very well. Small- 
scale (449 and !4) tests carried out at ERL showed 
that the 1,000-Ib shaped-charge bomb could be ex- 
pected to defeat the deck system of a battleship if 
the bomb missed the superstructure and the jet had 
to penetrate only through the maim decks. There was 
not much margin, however, and 1f the tests were carried 
out with the bomb separated from the main deck sys- 
tem by the three light decks of the superstructure, 
success could not be achieved. The amount of steel 
in the superstructure is quite small (three decks, 
each of 25-11. mild steel), but 1f the bomb detonates 
on top of the superstructure the jet must travel 24 
ft through air before it has a chance to work on the 
main part of the target. Although the performance 
of a cavity charge improves as the stand-off 1s in- 
creased from zero to two or three calibers, at greater 
stand-offs the performance decreases, presumably due 
to dispersion of the jet. Even the 2,000-Ib size when 
tested on a model scale could not defeat the battle- 
ship target with superstructure. 

The fuzing of a shaped-charge bomb presents а 
serious problem. In order to have any cavity action, 
detonation must be started at the rear of the charge. 
However, the standard tail fuzes are not fast enough 
to detonate the bomb with sufficient stand-off. In 
fact their use would result in detonating the bomb 
at zero stand-off or even with considerable distortion 
and crushing of the cavity liner. Two methods were 
considered for fuzing these bombs. One, adopted by 
the Army Ordnance Department, consisted of run- 
ning Primacord from a nose fuze, set for superquick 
action, back through a central pipe to a booster at 
the rear of the charge. The other method, used in the 
bombs procured by the Explosives Research Labora- 
tory, consisted of attaching a small (1-in. diameter 
by 215 in. long) shaped charge to a standard nose 
fuze (M103) and allowing the jet from this small 
shaped charge to shoot down a central pipe and 
strike a tetryl booster located near the rear of the 
bomb. The standard M103 fuze was used as the basis 
for this point-initiating, tail-detonating shaped- 
charge fuze not by choice, but because it was avail- 
able. However, this fuze is very massive, and its use 
places several inches of metal in the path of the Jet, 
the equivalent of adding several inches to the target. 
All ERL bombs tested were detonated by means of 
such a shaped-charge unit, which functioned properly 
every time. The Army bombs were detonated with the 


Primacord arrangement, which also functioned per- 
Гесу. The shaped-charge fuze makes loading and 
assembly somewhat easier than does the Primacord 
fuze, but care must be taken in cutting threads, ete., 
so that good alignment is obtained. Alignment is not 
so unportant with the Primacord fuze. 

The ERE 1,000-Ib bombs contained 45-degree stecl 
cones having a wall thickness of % in. These cones 
were made by forming in three longitudinal sections 
and then welding the sections together in a jig. The 
first cones made were annealed after welding but 
were not otherwise treated. Later bombs contained 
cones which had been formed from heavier plate, and 
which were then machined on a lathe to very close 
tolerances. The small of tests conducted 
failed to reveal any significant difference in the per- 
formance of the two, but from other work we feel 
that it ıs worth while to machine the cones and obtain 
hear geometrical perfection. 

AN-M65 1,000- GP bomb cases were cut apart 
10 iu. back from the nose, and the cones were welded 
in place. The base of the cone was thus about 10 in. 
frou the nose of the bomb. The bombs were loaded 
with about 430 1b of Composition B. This represents 
а 26% decrease in the load of 595 1b of Composition 
В contained in the standard AN-M65 1,000-Ib bomb. 

Full-scale 1,000-Ib bombs procured both by the Ex- 
plosives Research Laboratory and by Army Ordnance 
were tested statically at Dahlgren against target plate 
arrangements representing a battleship, both with 
and without superstructure. In some of the tests, the 
space representing the hold of the ship contained 
drums of diesel oil; m others this space contained 
bombs loaded with cast TNT. Against the target 
without superstructure, the results were generally suc- 
cessful; that is, the target was defeated and the oil 
set on fire or the bombs exploded. In agreement with 
the results of the model tests, the bombs could not 
defeat the target with superstructure. This is a very 
serious drawback to the effectiveness of these bombs, 
since over two-thirds of the deck area is covered by 
superstructure. In agreement also with the small- 
scale test results, the 2,000-lb shaped-charge bomb 
was Ineffective against the target with superstructure. 

By the time a limited number of bombs had been 
tested at Dahlgren, the Japanese Navy had just about 
run out of ships, and the ending of hostilities soon 
afterward made it unnecessary to decide upon the ad- 
visability of producing large numbers of shaped- 
charge bombs. Despite the fact that this type of bomb 
did not prove to be so eflective as had been hoped in 
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terms of amount of penetration achieved. 16 was very 
successful in setting off explosives and in igniting 
fuel oil when the jet could get through the protect- 
ing plates. This weapon should receive further con- 
sideration before a final deeision is made as to its 
usefulness. 

A related development involves the addition of a 
shaped-charge head to a semi-armor-piercmg bomb. 
In this weapon the shaped-charge is expected to do 
part of the job of penetrating the armored target. 
From the results of 14 scale tests it was concluded 
that the addition of a shaped-charge head to the 500-Ib 
SAP bomb would enable the weapon to penetrate 6 
in. of homogeneous armor at a striking velomty of 
750 fps ax opposed to a penetration of 2.5 to 3 1n. 
for the unassisted bomb. The chief weakness of the 
bomb would be its relative ineffectiveness against 
spaced armor, a weakness it shares with the bombs 


deseribed earlier.’ 


3.2 ANTISUBMARINE SHAPED- 
CHARGE BOMB? 


The effectiveness of the warfare waged by Allied 
planes against German snbmarines early in World War 
IT was impaired by the difficulty of making hits with 
single bombs or sticks of bombs dropped im а hne 
pattern and by the defense against underwater blast 
provided by the saddle-tank construction of the snb- 
marines. With the advent of applications of the hol- 
low-charge principle it numediatelv became of m- 
terest to design a small bomb which would defeat the 
saddle-tank defense svstem of a submarine by punch- 
ing a hole all the way through it into the pressure hull. 
The probability of effective attack would be greater 
with small bombs because more of them could be car- 
ried and more dropped in a single attack. 

Late in 1942 the National Defense Research Com- 
mittee was asked by the Bureau of Ordnance, Navy 
Department, to undertake the design of a hollow-charge 
bomb for use against submarines. The bomb was to be 
the smallest one which would defeat a specified target 
which would simulate a saddle-tank defense svstem. 
It was hoped that the bomb would be small enough to 
be clustered into gronps of 25 to 50 per 500-1 unit. 

At the time the request for this bomb was made. 
studies of the performance of shaped charges under 
water had not been made, although the Navy Depart- 
ment had conducted a few unsnecessful trials with 


bThis section is taken from a report prepared by С. О. 
Davis. Further data will be found їп References 4—10. 


hollow-charge bombs designed by the U. N. Ordnance 
Company and loaded at the Eastern. Laboratory of the 
du Pont Company late in 1941. ТЕ was therefore nec- 
essary for the ОКС to investigate cavity shape, ln- 
Ing material, high explosive filer. charge dimensions. 
and the hke before designing the bomb. 

The full-scale target proposed by the Bureau of 
Ordinance comprised a pair of parallel steel plates 
with 36 in. of water between them. The first plate. 
representing the skin or saddle-tank shell, was of 
l5-m. mild steel. The second plate, representing the 
pressure hull was of 8-1. high-tensile steel. The bomb 
was expected to defeat this target 1n static tests, with 
the bomb nose in contact with the '5-in. plate, and 
the bomb axis pitehed at an angle of 45? to the planes 
of the plates. Lhe jet from the bomb was expected to 
perforate both plates, making a 1- to 115-1n. diameter 
hole m the 1-in. plate. The actual water-travel dis- 
tance of the jet, with the plates 56 m. apart, was 48 1n. 
The test was always run with а 50-1n. water-travel dis- 
tance. Since the 5-11. Ingh-tensile steel was difficult 
to obtain. 1-1n. nuld steel was generally used as the 
second plate. 

It was necessary to have the stand-off, or free space, 
between the hollow in the nose of the explosive 
charge and the end of the bomb nose, as short as pos- 
sible, and to weight the walls around this space heav- 
ily with steel m order to keep the center of gravity 
of the bomb far enough forward for aerodynamic and 
hydrodynamic stability. With the stand-off thus lim- 
ited to about one-half а caliber, the best shape of cav- 
itv for deep penetration proved to be a cone of about 
45° included apex angle, lined with copper or steel. 
The preferred method of cone manufacture was by 
stamping flat sheet of the same thickness as the fin- 
ished cone, using a senes of dies of decreasmg blunt- 
ness and constant surface area. For experimental pur- 
poses a satisfactory method of hand manufacture was 
developed which did not require dies. Plate of proper 
thickness was cut to pattern, bent to a conical shape, 
welded along one seam, and heat-treated. 

The smallest bomb which would dependably defeat 
the target was about 6 m. in diameter, and contamed 
50/50 Pentohte or 60/40 Cyelotol as filler. Alumi- 
nized explosives were evaluated and found to behave as 
if the aluminium were inert. 

The preferred cone, explosive-contamer shape, ete., 
were incorporated into the shaped-charge antisub- 
marine bomb by NDRC, Division 3. Cluster frames, 
fuze. and scatter mechanism were developed by Divi- 
sion 6 with some assistance from Division 8. A sketch 
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of the bomb is shown in Figure f. The finished bomb 


had the following characteristics : 


Bomb ease diameter 6.00 1n. 

Cone base diameter yoo lle 

Cone angle 45° 

Cone wall thiekness 0.185 + 0.020 in. 
Cone inaterial Mild steel 

(Armco to SAE 1020) 
Cold stamping 

60/40 Cyclotol 


Cone manufacture 
Explosive 


Explosive charge length 12 in, 
Explosive charge weight ПО 
Bomb length 22 in. 
Bomb weight 38 Ib 
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FIGURE 1. Antisubmarine shaped-charge bomb. 
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This bomb defeated the test target when the latter 
was Wholly im aiv, partially submerged, or under water 
at various depths; that is, at conditions simulating a 
surfaced, diving, aud submerged submarine. The hole 
formed in the l-in. or pressure-hull plate was a clean, 
nearly round hole 1 to 1% in. in diameter with no 
evidence of cracking or splitting of the target. The 
bomb gave highly reproducible penetration, and had 
а small but definite margin of superiority over the 
target. 

Approximately 3,000 bombs were fabricated by 
NDRC, Division 6, and loaded at Delaware Ord- 
nance Depot, Pedricktown, New Jersey, under the 
Joint auspices of Division 6 and Division 8, for tests 
by the Navy Department. Delavs encountered in the 
development of first the scatter mechanism and later 
the fuze prevented use of the bonib in World War IL. 
None of the bombs was ever tested against a sub- 
тате. | 

With no change m shape and little change in 
weight, the bomb could be improved for attack on 
the type of target used in the development work by 
(1) replacing the steel cones by copper cones: (2) re- 
placing the 60/40 Cyclotol by the special high-density 
10/30 Cyclotol furnished by the Holston Ordnance 
Works, 

The probable effectiveness of the shaped-charge anti- 
submarine bomb against the German submarines of 
World War II is highly conjectural. A statistical anal- 
ysis of each of the various types of submarines as 
targets would have to be made to determine the prob- 
ability of a perforation of the pressure hull on any 
given hit by a bomb capable of defeating the target 
used in the development. In the event of a hit result- 
ing in a pressure-hull perforation, one must further 
know what effect the perforation will have on the 
operation of the submarine. 

It is believed that the shaped-charge design incor- 
porated into the antisubmarine bomb could conve- 
mently and very effectively be carried into bombs of 
much larger size. Depth of penetration scales approxi- 
mately in direct proportion to diameter. 


35 ANTISUBMARINE SHAPED-CHARGE 
FOLLOW-THROUGH BOMP: 


م 


The antisubmarine, shaped-charge, follow-through 
bonib was designed to overcome the limitation in 
effective range inherent in a hollow-charge weapon 


‘This section 15 constructed from a report prepared by С. 
O. Davis.! 1? 
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dependent on jet action alone for target damage. Work 
оп the ASCF'T Бош was initiated by NDRC, Division 
S, When it became evident that the antisubmarine, 
shaped-charge bomb without a follow-through projec- 
tile (described in Section 5.2) would be ineffective 
in a large proportion of lits on the decking and super- 
structure of a submarme, where a total penetration 
greater than the 50 to 60 in. obtainable with the ASC 
bomb would be required to reach from the plating or 
decking where the bomb makes contact aud explodes 
through the intervening oil and water to the pressure 
hull and through the pressure hull. Besides being 
short 1n penetration, the ASC bomb would make only 
a small hole (1- to 1!5-1n. diameter) in the pressure 
hull. А shaped-charge bomb with а follow-through 
projectile, however, would defeat a submarine by put- 
ting a hole through the decking or saddle-tank shell 
through which a high-explosive projectile, carried її 
the after end of the bomb, would pass. The projectile 
would be provided with a fuze of long delay to allow 
it to settle against the pressure hull before detonating. 
А large hole im the pressure hull would be expected 
from a fairly small high-explosive charge surrounded 
by water and in contact with the hull at time of 
detonation. 

At the time the АСЕТ research was started, work 
on hollow-charge devices with follow-through pro- 
jectiles had progressed far enough both here and iu 


Great Britain so that some features of the assembly, 
such as design and shape of rear of forward charge 
to minimize blast effect on the follow-through projec- 
tile, were already established. The chief problems to 
be solved, and their solutions, follow. The weapon itself 


is SOM im Кїїгє 2. 


3.3.1 


Size and Type of Forward Charge 

The most resistant target which the forward charge 
was expected to defeat was a 25-1. saddle-tank shell 
with which the bomb nose would be 1n contact at the 
instant of detonation. The smallest charge which 
would dependably open a large hole in a ¥-1n. plate 
having a 45? 
into the 


was 2 lb of Torpex, 3 in. in diameter, 
diameter, inserted 
rounded nose of the charge. The 
this forward charge indicated. that the jet from the 
cone perforated the Y-1n. plate, after which the plate 
was blown open by blast. The charge without a cone 
would not hole the plate. Furthermore, when the cone 
was the full diameter of charge there was no blast 
damage and the hole was too small for the follow- 


through projectile. 


cone aud 1-1, base 


results obtamed with 


^ Design of Follow-through Projectile 


A projectile of square cross section was designed 
because such a projectile in contact with an air-backed 
1-in. plate representing the pressure hull, easily de- 
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. Antisubmarine shaped-charge follow-through bomb. 
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feated the plate wheu the high-explosive load m the 
projectile was only 5 oz. of Composition B or the 
equivalent, whereas a projectile of conventional cir- 
cular cross section required about 1.5 lb of filler 
to defeat the target. The preferred projectile of square 
cross section was 14% m. wide and 5% in. long. 


3.3.3 


Propulsion of FT Projectile 


The terminal velocity of the АСЕТ bomb in water 
was expected to be oulv 20 to 30 fps, or too low to 
cause the follow-throngh projectile to follow through 
the forward blast bubble and into the target. À mor- 
tar was therefore developed whieh fired the projectile 
at the required velocity of approximately 500 fps. The 
afterend of the projectile carried а special removable 
cas check, so that the square projectile could be fired 
from a gun of conventional circular bore. Smokeless 
powder was used as propellant. 


3.3.4 Timing of Explosive Elements 


Proper functioning of the various parts of the bomb 
required the following sequence of actions. 

1. Nose of forward charge makes contact with 
target. 

2. Propellent charge 1s ignited in FT mortar. 

3. ЕТ projectile accelerates to full velocity and 
emerges fully froni mortar. 

4. Forward charge explodes iu contact with target. 

5. F'T projectile passes through the gas bubble and 
target, comes to rest, and eventually detonates. 

An external fuze was not developed, although a de- 
sign was proposed by the Ammumition Development 
Division, Ordnance Departinent, which would employ 
a Belleville spring. It was assumed, however, that an 
external nose fuze would ignite the primer in the FT 
mortar, perhaps through a Primacord strand, and that 
tlie projectile itself would detonate the forward charge 
by striking an element of a fuze installed at the after- 
eud of the forward charge. All experimental bombs 
were arranged for firing in this manner. In order to 
avoid movement of the bomb during the acceleration 
of the projectile the FT mortar recoiled alone by slid- 
ing freely within the bomb body. 


3.3.9 


FT Projectile 


A high-explosive projectile was designed which was 
not disrupted or deflected by detonation of the forward 
charge or by passing through the resulting high-pres- 


sure gas bubble. A suitable 5-second. delay unit was 
designed at Picatinny Arsenal which, with some 
modifications, functioned properly. 

Successful static tests were run with bombs which 
were complete except for external fuze, tail, and safe- 
ty devices. These tests demonstrated the workability 
of the ASCFT bomb. The using Service with a re- 
quirement for such a weapon will be able to start with 
the design developed under this project but will have 
to furnish suitable fuzes with safety devices, complete 
the external design of the bomb including fuze and 
tail, and develop bundles and clusters of the boinbs. 

Designs for larger editions of the ASCFT bomb 
could probably be derived by scaling up the model 
developed under this project. 


1 = SHAPED-CHARGE WARHEADS FOR 
NAVAL TORPEDOES‘ 


Shapimg the charge in the warhead of à naval 
torpedo to cause deep penetration into a struck ship 
was among the earhest proposals for military applica- 
tion of shaped charges. A project to develop shaped- 
charge warheads for Mark 13 (aircraft), Mark 16 
(submarine), and Mark 17 (destroyer) torpedoes was 
authorized late in 1942 by the Bureau of Ordnance 
primarily with expectation of greatly enhanced 1ncen- 
diary action. from such warheads. Early tests with 
experimental cone-lined charges 6 mn. in diameter 
(between 1/3 aud 1/4 scale) showed that the jet from 
such charges would set fire to combustibles like smoke- 
less powder and oily waste, after penetrating a series 
of steel plates separated by water, corresponding to 
the compartmeuted torpedo defense systems used In 
American aircraft carriers and various other warships. 
Subsequent work dealt chiefly with the problem of 
converting the existing warheads to hollow-charge 
heads of greatest possible depth of penetration, with- 
out changing the external shape of the warhead, or 
the total weight, center of gravity, and “pull-around” 
of the torpedo. 

As was true with nearly all existing munitions con- 
verted from conventional high-explosive to hollow- 
charge types, the best way to modify a warhead to 
give deep penetration was to install a small angle 
(about 45°) steel or copper cone of as large diameter 
as possible in the forward end of the warhead, with 
the long axis of the cone comeident with that of the 
warhead. 


dThis section is taken from a summary prepared by С. О. 
Davis.13-15 
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several different compartmented targets, differing 
in the thickness and spacing of the steel bulkheads 
and in the location of the air-filled and water-filled 
compartments, were proposed by the Bureau of Ord- 
nanee and the Bureau of Ships in the course of the 
work and used in full-scale and scaled-down static 
testing. The two full-scale targets 1n use by the Navy 
in tests at Solomon's Island near the end of the proj- 
ect were as follows. 


1. Midway Defense System (Full-Seale) 


Bulkhead Skin 1 2 ә 4 Safety 
Thickness łm. 4m. 5 in. rin. 2 in. 
Spacing Set 4 ft 4 ft 4 ft "ett 
Interplate Water Water Ат Alr Alr 
loading 

2. Japanese Defense System (0.304-Seale) 
Bulkhead Skin 1 2 3 4 Safety 
Thickness lin. Sin. 3% in. Zin. luin. 
Spacing 18110, 14510. 14lin. 1431. 6 ft 
Loading AIr Water Water Air Air 


These defeuse systems and others were defeated by 
a modified Mark 13 warhead of the same scale, attack- 
ing at 30° from normal, but the other warheads con- 
sidered for modification were either too short or had 
such gradually tapered noses that a sufficiently large 
cone to defeat these defense systems could not be in- 
stalled in them. Consequently only the hollow-charge 
Mark 13 or aircraft torpedo warhead was successful, 
and work ou the others was dropped. 

Much of the testing to arrive at size and shape of 
hollow metal lining characteristics, and method of 
mounting, nose design, charge shape, initiation, ex- 
plosive composition, etc., was done with charges and 
targets scaled down to various small scales (Yo, %, 
l4, ete.) Direct linear scaling was found permissible 
except for the comparison of certain explosives. Alu- 
numzed explosives, such as 'Гогрех Ll, were inferior 
to similar explosives without aluminum in small-scale 
tests but equivalent or superior at larger scale. ‘This 
phenomenon was observed independently on other 
projects and by other investigators and was considered 
due to the failure of the aluminuni to react quickly 
enough to contribute to the detonation pressure in 
charges below a certain (not definitely established) 
512е. 

Aluminized explosives were very much superior to 


nonalunminized for underwater blast effectis (pressure 
aud impulse and target damage), and it was therc- 
fore desirable, after adoption by the Navy of Torpex 
and ИВА for Service warheads, to use aluminized fill- 
Ings in the hollow-charge modification of the Mark 13 
warhead. Because of the variation in effectiveness with 
diameter shown by hollow-charge warheads filled with 
lorpex and other aluminized explosives, complicated 
further by large variations 1n the effectiveness of some 
of the handmade steel cones used in the test warheads, 
many series of tests were required before Torpex and 
a modified HBX (see Section 1.12) were adopted as 
fillers for the hollow-charge Mark 13 warhead. 

The hollow-charge modification of the Mark 13 
Warhead contained only 520 lb Torpex II, compared 
with 585 lb for the standard Mark 13, and the gen- 
eral blast damage done to the bulkheads near the out- 
side of the ship would probably be greater with the 
standard warhead. Sufficient full-scale tests were not 
made to settle this question. The advantages of the 
hollow-charge warhead would be in defeating, by per- 
forating and loosening and tearing, the bulkheads be- 
yond the sphere of damage of the standard warhead, 
in damage to equipment inside the ship, and 1n supe- 
rior incendiary effect. 

As with other hollow-charge devices, the prop- 
erties and location of the cone were extremely critical. 
The Mark 13 warhead required а very large cone 
(1915-1n. base diameter, 15-11. to 58-1). wall, 45° apex, 
100 Ib + weight), which was difficult to fabricate. 
Satisfactory cones were made by the Pittsburgh and 
Des Moines Steel Company from steel plate of the 
thickness of the cone wall. Hach cone was built from 
three identical segments, which were cut to pattern 
and bent to shape. The three seams were welded, the 
cone heat treated (normalized at 1650 Е), and finally 
trimmed inside and out on a lathe to eliminate eccen- 
tricity and variations in thickness or curvature. 

Successinl full-scale static tests had been made by 
the Bureau of Ordnance, and a start had been made 
оп designing a hollow-charge Mark 13 warhead for 
Service use when hostilities ended. An exploder of es- 
sentially instantaneous action was required before any 
firing tests could be made with a Mark 13 torpedo 
carrying a hollow-charge warhead. Other design work 
remaining, some of which will require firing tests, was 
to provide adequate pull-around and strength m the 
forward eud, including the cone mounting to with- 
stand water impact. The firing tests may bring out 
other structural problems. 
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FIGURE 3. Shaped-charge torpedo warhead. 
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The limitation on a shaped-charge weapon already 
mentioned in earlier sections of this chapter, that it is 
capable of doing but little mechanical damage after 
penetrating the target, led to the request that a 
shaped-charge projectile with a follow-through device 
be developed. The final phase of the program had the 
specific objective of developing a shaped-charge follow- 
through rocket which would defeat 4 inches of armor 
plate. The weapon designed to accomplish this was 21/5 
im. in diameter. weighed. 10 lb. and had a velocity of 
300 fps utilizing the T-59 rocket motor. The follow- 
through was an explosive-loaded missile about the size 
of a 20-min shell. Iu the final tests against 4-10. homo- 
geneous armor at normal incidence at 100 yd range, 
the follow-through passed through the target 12 times 
in 12 shots and detonated after passage in 10 shots. 
Iu comparable trials at 50° incidence, the follow- 
through passed through the target 10 times in 12 shots 
and detonated after passage in 7 shots. The brief dis- 
cussion which follows is limited to a consideration of 





some of the explosive problems connected with the 
weapon, For a discussion of propulsion and ballistic 
features, reference must be made to the Summary 
Technical Report of NDRC, Division 3, as these fea- 
tures were the responsibility of the Allegany Ballistics 
Laboratory of Division 3. 

In the early work, attempts were made to have the 
follow-through attached to the apex of the liner of the 
shaped charge. These attempts were not successful. 
The slug from the liner parted from the follow- 
through before the latter had acquired any appreciable 
velocity. Another problem in. ihe early work was 
whether the follow-through would be appreciably de- 
celerated by the rearward blast from the shaped charge 
and in passing through the blast of the shaped charge. 
li will be recalled that these effects, coupled with the 
low terminal velocity of the follow-through 1n. the 
antisubmarine shaped-charge follow-through bomb 
described in Section 3.4, made it necessary to provide 
separate propulsion for the follow-through in that 
weapon. Specific tests, however, made it quite clear 
that in air the loss in speed of the follow-through was 
negligible; with 80° conical ends on both the charge 
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and the follow-through, the loss im speed was not 
greater than 10 fps. 

The principal difficulty encountered in the project 
was the fuzing. In order to secure detonation of the 
shaped charge at the rear and on its axis when the shell 
was at the proper stand-off, a long rodhke striker pin 
parallel to the axis of the charge was used. This pin 
struck a detonator back of the charge and Initiated 
the detonation of the charge itself by a connecting 
piece of Primacord. Later the single striker rod was 
replaced by three rods located 120° apart. The use of 
a pot detonating fuze was also tried. This fuze, а 
small shaped charge in the nose of the shell which 
fires through a flash tube in the main shaped charge 
by a detonation at its base, was erratic in its action 
and was eventually abandoned in favor of the rod fuze. 
The follow-through has a base fuze with a 5-second 
delay. Although the fuzes functioned satisfactorily 
in the final tests described in Section 3.5, it is felt 
that fuzmg 1s the weakest part of the round at present, 
and further work in the fuzing is recommended before 
the round is considered for adoption. 


3.6 MISCELLANEOUS APPLICATIONS OF 
SHAPED CHARGES 


3.6.1 Destruction of Microwave Tubes 

It is desirable to have some means of destroying 
beyond reconstruction planeborne radar equipment 
should the plane be forced to land on enemy territory. 
This can be done by a shaped charge with a liner of 
sand bonded by a thermosetting resin. The jet from 
this charge does not have the penetrating power of 
that from a steel liner, but it does a much better job 
for this special application. An 80-g shaped charge of 
either Composition B or 50/50 Pentolite, placed about 
9 1n. from the target and hned as just described, de- 
stroyed the radar oscillator as specified with only smali 
danger to the plane’s personnel from blast or frag- 
ments; however, the damage to the plane’s fuse- 
lage was too great to permit use of the device in 
Hight, 
gu Shaped-Charge Boosters 

A shaped charge 1s the source of a jet of high in- 
tensity, and it is quite natural that the suggestion of 
using this jet їп boosters would arise. The particular 
problem presented to Division 8 was the use of a 


shaped-charge booster for the 5-in./38 AA projectile 
loaded with Explosive D. Tests showed that the stand- 
ard flat-ended booster was perfectly adequate in this 
shell, so that nothing was to be gained by going to a 
shaped charge. The only situation envisaged when the 
use of a shaped-charge booster would be advantageous 
would be that where, because of peculiarities of design, 
the booster was some distance from the main charge.*° 


3.1 BEANO” 


in August 1945, the Office of Strategie Services re- 
quested Division 19 of NDRC to develop а special 
hand grenade. This grenade, which was given the 
code name Beano, was to be thrown like a baseball and 
was, 1f possible, to be of the same size and weight as 
a baseball. Preliminary throwing tests, made at the 
Maryland Research Laboratory of Division 19 with 
wooden spheres of varying weight but of approxi- 
mately the same size as a baseball, showed that the 
weight of these spheres could be increased to 12 ounces 
without greatly affecting either accuracy or distance. 
The following specifications were then set for the 
grenade : 

1. It should be spherical and approximately 275 in. 
in diameter. | 

. It should weigh 11 + 1 ounces. 

3. It should be spherically balanced and should not 
exhibit eccentricity imn flight. 

4. It should fire as a result of a [ree fall of 18 in. 
onto a sponge rubber surface. 

5. It should have optimum lethal fragmentation. 

6. It should have two arming mechanisms, the in— 
itial arming to be reversible and the final arming to 


e 


7. 


take place during flight. 

Division 19 took the responsibility for work on the 
fuze, while Division 8 took responsibility for all prob- 
lems involving the high-explosive charge. This iu- 
cluded not only the selection of the charge, but also 
the testing for fragment effectiveness and for sensi- 
tivity to rifle fire and sympathetic detonation.’ A con- 
tract with the Eastman Kodak Company provided for 
developing the completed weapon with the assistance 
of Divisions 8 and 19 and engineering it for possible 
quantity production. 


This section is based on information supplied by L. Н. 
Farinholt. 

'The work of Division 8 on Beano has not been described 
in an OSRD report. This work is to be found, however, in 
Reference 21 and in Summary Technical Report Division 19, 
Volume 1, Chapter 4. 
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Since 12 ounces was the maximum weight allowed 
and since it was estimated that the fuze assembly 
would weigh about 2 ounces, there was left 10 ounces 
for the ease and the explosive charge. With both the 
weight and the dimensions fixed, it was thought that 
à magnesium or aluminum case might be more effec- 
tive than a steel case because of the greater wall thick- 
ness for а given weight permitted by the light metals. 
Fragmentation tests, however, showed that a thin- 
walled steel case was more effective than thick-walled 
aluminum or magnesium cases of equal weight. Addi- 
tional fragmentation experiments showed that, for a 
total weight of explosive and casing fixed at 9 to 10 
oz, an 0.040-in. wall steel case was more effective than 
an 0.060-in. wall steel case of the same diameter. On 
the basis of these and other fragmentation experiments 
it was decided to use a spherical steel case, 0.040 ın. 
thick and 2%-in. OD, welded at the equator and filled 
with explosive having a density of about 0.9. With 
this arrangement the explosive charge and the case 
each weighed approximately 4.5 ounces. 

Some fragmentation tests were made with charges 
of cast explosives, but, because of the high density of 
the castings, the permissible amounts of explosive 
occupied so little space that they created loading prob- 
lems. Attention was then turned to the following ex- 
plosives at hand-packing densities: TNT, ammonium 
picrate, Composition A, and waxed TNT. Granular 
TNT is probably best from the standpoints of avail- 
ability and simplicity, but it is somewhat sensitive to 
30-caliber rifle fire. Composition A is safe to .30-cal- 
iber rifle fire. Grenades loaded with any one of the 
four named explosives will detonate sympathetically 
when the grenades are in direct contact with each 
other. Sympathetic detonation can be prevented, how- 
ever, by separating the grenades in the container 
with a layer of cardboard of moderate thickness. 

Composition A, granular TN'T, and waxed TNT all 
cave satisfactory fragmentation, while ammonium 
picrate was decidedly inferior. At a range of 3 ft, a 
orenade filled with Composition A at a density of 
approximately 0.9 gave twice as many fragments pene- 
trating a l-in. pine board as did a similar grenade 
loaded with granular TNT at a density of 0.8. How- 
ever, the holes in the board from the Composition А 
filled case had only half the average area of those 
from the TNT filled case, so the total area punched 
out was about the same for the two fillings. The 
fragments from the Composition A filled case which 


£Cast 50/50 Pentolite, for example, has a density of from 
1.59 to 1.65. 


went through the pine board had an average 
linear dimension of about 0.23 in.; the comparable 
fragments from the TNT filled case had an average 
linear dimension of about 0.31 in. The average veloc- 
itv of the fragments from a Composition А filled gre- 
nade is considerably greater than from the other 
fillings. 

The relative effectiveness at 3 ft and at 10 ft has 
been determined for TNT loaded and Composition A 
loaded Beanos. With the TNT charge the number of 
fragments perforating 1-1n. pine board decreases 38% 
when the target distance 1s Increased from the shorter 
to the longer distance. With the Composition A charge 
the corresponding decrease 1s 50%. However, the 
number of fragments which go through the pine board 
is greater at both distances with the Composition A 
filling. 

Comparisons have been made of the fragment eftec- 
tiveness of the Beano grenade and the standard Mark 
2 fragmentation grenade, whose total weight 1s about 
twice that of the Beano. At a range of 3 ft, the Mark 
2 grenade filled with 2 oz of TNT is about equivalent 
to a TNT filled Beano but distinctly inferior to a 
Composition A loaded Beano. The Mark 2 grenade, 
loaded either with EC powder or granular or flaked 
TNT, gives no fragments from the quadrant center- 
ing around the fuzed end which will penetrate 1-11. 
pine board at a range of 3 ft. With the Beano gren- 
ades the middle third of the quadrant centering 
around the fuzed end gives a high concentration of 
effective fragments. 


3.8 EXPLOSIVE STREAMERS" 


In the fall of 1942, Division 8 was requested by the 
Navy to assist the Naval Ordnance Laboratory with 
the development of the explosive features of the Holm 
Antitorpedo Device, later designated the Mark 29 
Mine. This device consists of two sets of three stream- 
ers, each 400 ft Jong, which are towed parallel to and 
at some distance from the two sides of a ship by means 
of paravanes. The streamers, which must have a slight 
positive buoyancy, are towed at 10 to 50 ft below the 
surface. The streamer farthest from the ship on each 
side contains detecting equipment which signals the 
approach of a torpedo through the water. The two 
inner streamers carry an explosive charge, about 1.6 
to 2 lb per foot. When a torpedo passes under the de- 
tector streamer, the outer explosive streamer is de- 


hThis section is constructed from reports furnished by D. 
P. MacDougall and С. О. Davis.?721 
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tonated after a slight delay, so that the torpedo 1s 
destroyed or at least prevented from reaching the 
ship. Should a second torpedo later approach the ship 
from the same side, it is dealt with in a similar way by 
the other explosive streamer. 

The first form of explosive streamer, or hose, devol- 
oped by the Naval Ordnance Laboratory consisted of 
a large rubber hose partly filled by cans, 2 m. in diam- 
eter and 8 m. long, of Nitramon-S primer, an amatol- 
like explosive, Primacord was used to insure. propa- 
gation from can to can. ‘This hose had a number of dis- 
advantages, the chief ones being that 1t was very time- 
consuming to load and that detonation of one of the 
explosive hoses compressed the explosive in the adja- 
cent hose sufficiently to prevent 1t from propagating 
detonation when called upon to do so. 

A snitable design of explosive streamer had to meet 
a number of conditions: ease of manufacture m large 
quantities: flexibility (the filled hose had to be able 
to be wound on a 3-ft reel) ; ability to stand connter- 
mining and rongh handling; reliability of propaga- 
tion; and suitable bnoyancy. 

Two organizations were chosen to work on the 
NDRC phases of this development, the Eastern Labo- 
ratory of the du Pont Company and the Explosives 
Research Laboratory at Bruceton. Each group con- 
sidered both discrete charges and continnons, long 
charges for the filling, but the major developments 
made by both groups, although somewhat different, 
involved rather long. flexible mner hoses filled with 
explosive. The development at the Explosives Research 
Laboratory will be described first, and will be followed 
by a description of the developments at the dn Pont 
Eastern. Laboratory. 

At the time work was begun, the only explosives 
available in sufficient quantity were TNT апа, pos- 
sibly, Pentolite. Because of the requirement that the 
streamer have shght positive buoyancy, and because 
the densities of all the hose materials and metal coup- 
lings are considerably over опе, it seemed impossible 
to avoid using the Naval Ordnance Laboratory scheme 
of providing buoyancy by using for the outer container 
a hose partly filled with explosive and partly filled 
with air under pressure. No practical way was found 
for filling the outer hose completely with explosive 
material having a density considerably less than one. 
An inner hose filled with cast TNT would have been 
simple to produce, but it wonld not have met the flex- 
ibility requirement nor would it have propagated re- 
liably. Cast Pentolite would have propagated satis- 


factorily but it would not have been flexible and it 
nught have been too sensitive. 

It was discovered at the Explosives Research Labo- 
ratory that, if a hose is filled with molten ТАЛ and 
then flexed gently during the cooling period, the re- 
sulting charge consists of finely divided TNT at a 
density of about 1.40 g per се. Because the TNT ix 
powdered, the filled hose is fairly flexible, meeting the 
requirement easily, and the charge propagates reli- 
ably. (Pressed crystalline TNT propagates detona- 
поп reliably under conditions of diameter and con- 
finement for which cast TNT will usually fail to 
propagate. ) 

The first mechanical device for carrving out this 
flexing operation was built and operated at Bruceton, 
but for larger scale studies a group from the Explo- 
sives Research Laboratory went to the Naval Mine 
Depot, Yorktown, Virginia. The first flexing machine 
involved reciprocating arms and gave the filled hose 
a rather snake-hke motion while cooling; later it was 
found that a more gentle treatment would be ade- 
quate. and the final flexing machine consisted of a 
pair of large drums, 4 ft tn diameter with 1-ft face, 
spaced 7 ft apart and connected by à continuous belt. 
Jwenty-five-foot lengths of hose, filled with molten 
TNT and plugged, were wrapped around the two 
drums and the ends fastened. The machine was run 
for about 50 minutes, after which the hose was found 
to he almost completely filled with fine-grained TNT, 
with only an inch or less of hard material at the ends. 
Several sizes and varieties of hose were successfully 
loaded and flexed, but for the specified load of 1.5 Ib 
per foot, hose with 1.75-in. ID, was suitable. Some 
2.400 ft of hose were loaded and flexed with the two- 
pulley machine described above. The capacity of this 
machine was four 25-ft lengths per hour. By increas- 
ing the width of the pulley faces to 3 or 4 ft, the out- 
put could be stepped up considerably with little in- 
crease In space requirements. 

In addition to developing the flexed TN'T-filled 
inner hose, suitable outer hose and couplings were 
designed and procured. The completely assembled 
streamers were tested for propagation and counter- 
mining. The propagation tests were completely suc- 
cessful in 400-ft lengths, but the streamers stood up 
only moderately well to the detonation of a similar 
streamer near by. This was a fault of the outer hose 
and could have been remedied. However, due to chang- 
Ing requirements, this type of streamer was never ac- 
tually used in service in the Mark 22 Mine. Interest 
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was aroused in the possibilities of using the inner hose 
as a demolition charge. A somewhat larger hose was 
used in order to increase the weight of explosive per 
foot. and it was given the designation of the Mark 8 
demolition charge. On the basis of the work carried 
out for the Mark 29 hose. Explosives Research Laho- 
ratory personnel cooperated with Navy personnel in 
the design of a plant for producing this flexible ex- 
plosive hose. А plant was built at Yorktown to this 
design, and was operated for some time at а rate 
understood to have produced about a million pounds 
a month of explosive hose. 

The Eastern Laboratory of the du Pont Company 
developed a 50/50 mixture of grained and flaked TNF 
which could be poured into the canvas mner tube to 
the same loading density as was attained with grained 
TNT by vigorous hand tamping. This simplified and 
speeded up the loading. The improved TNT canvas- 
sock load was used in all of the Service tests and ac- 
tual applications of the Mark 29 device, although the 
explosive streamers contaming this load were objec- 
tionable for the following reasons. 

1. Primacord was needed to Insure propagation. 
The Primaeord was bullet sensitive, easily desensi- 
tized by water, and tended to cut off during detonation 
at places where 1t was looped or bent. 

2. Loose TNT was not particularly waterproof, fire- 
or bulletproof. 

3. The streamer had an undesirably large amount 
of metal 1n it as couplings between 25-ft lengths. This 
made more difficult the attainment of buoyancy and 
cut down on flexibility. A single continuous column 
of explosive appeared desirable in place of 25-ft 
lengths. 

4. The use of compressed air for buoyancy required 
special extra-heavy hose to contain the explosive and 
air and introduced various complications in the han- 
dling and storage of the streamers. Rubber was very 
scarce, and large quantities were required. 

A load consisting of pressed, round-ended pellets 
of TNT, strung like beads on Primacord, was first 
proposed to replace sock loading. The pellets could be 
pressed at an Army Ordnance Works and shipped to 
the Mark 29 assembly plant where assembly into the 
huovancy hoses would be very easy and rapid. This type 
of load was unsuccessful, however, in countermining 
tests. The pellets developed dust, and some breakage 
occurred. 

A series of slurry-type explosives was developed 
which could be poured or pumped Into continuous 
tubes of varions sizes down to 1 in. in diameter, The 





two preferred compositions and their properties are 
given below. 


Composition Composition 
EL-387A EL-387B 

50/50 Pentolite 30.0% 24.0% 
Ammonium nitrate 54.0% 43.2% 
Water 15595 10.8% 
Starch ee 2.099 
Aluminum (MDIOI) None 20.0% 
Density of filling 1.33-1.40 1.50 
Triton value 10.9 13.4 


TNT equivalent, from 
underwater blast 


measurements 0.856-Ib TNT/Ib  1.207-Ib TNT/b 
Propagation Okinlin.x50ft OK in Lin.x50 ft 
Sensitiveness 


121n. in 13 in. diam 11 in. in 12-in. diam 
2in.inl-in. diam O in. in l-in. diam 
4in.inl1j-in. diam 4 1n. in 13-in. diam 
i-in.in l-in. diam 0 in. in l-in. diam 


Air gap 
Water gap 


Cap sensitivity 


Eng. Spec. No. 8 Detonated Detonated 
No. 6 EBC Failed 
Thermal stability Brown fumes at Brown fumes at 
150C* 150C* 


Ignited at 
170 to 180C* 


Ignited at 
170 to 150C * 


*Same as 50/50 Pentolite. 


Pentolite was used as the sensitizer for the explo- 
sive slurry because 1t detonates dependably in water. 
Ammonium nitrate was used as à source of strength 
and also because its solubility in water increases very 
rapidly as the temperature is raised. Both EL-387A 
and B were mixed and poured at 60 to 70 С, or just 
below the melting point of the Pentohte. On cooling 
to room temperature both slurries stiffened due to 
crystallization of ammonium nitrate. The resulting 
column of explosive was flexible down to —30 C, but 
sufficiently solid so that settling of solid ingredients 
did not occur. Seepage of liquid was avoided at room 
temperature and above by addition of a small amount 
of starch. 

Тһе water-slurry compositions were satisfactory 
as regards propagation, strength, stability, and failure 
to be exploded by rifle bullets. Hoses loaded with 
them withstood rough handling tests by Naval Ord- 
nance Laboratory and were flexible and easily mani- 
pulated. 

Some uncertainty existed throughout the Mark 29 
project concerning the weight of explosives to use per 
foot of streamer. It was desirable to keep the weight 
at the minimum which would destroy torpedos at a 
reasonable maximum distance of 20 ft. Larger charges 
than the bare minimum had to be avoided to keep 
at a minimum the damage done by the exploding 
streamer to the ship it was protecting. and the damage 
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to the audio-detector streamer. The TNT sock load 
was 1.6 lb per foot, and the experimental streamers 
were loaded to a TNT equivalent (based on Triton 
value) of 1.6 lb per foot. Tests by the Naval Ord- 
nance Laboratory toward the end of the project in- 
dicated that a charge weight of 1.0 to 1.2 lh of TNT 
per foot might be adequate. 

Explosive. streamers loaded with EL-587A and B 
were unsatisfactory only with respect to overall 
density, which was 1.35-1.50 œ per се. The overall 
density of a Mark 29 streamer had to be approxi- 
mately 1.04 g per ce for proper buoyancy. Unsuccess- 
ful attempts were made to obtain this buoyancy by 
bringing the slurry density down by the addition of 
buovant diluents and by the use of various floats 
within or around the streamer. Finely divided mate- 
rial within the explosive interfered with propagation 
and strength, and large pieces of buoyant material 
failed to withstand countermiming. It was necessary 
to retain the Naval Ordnance Laboratory method of 
regulating buoyancy with compressed air. 

The production of Mark 29 units by the Navy was 
discountinned before any streamers developed by 
NDRC had received complete field tests. 

Nonbuovant streamers loaded with EL-387A or B 
would be useful line-demolition charges, particularly 
for underwater demolitions. EL-387A and D would 
be particularly well suited for use as “drone” charges, 
where it 1s desired to load or pour the maximum 
weight of explosive in minimum time in а boat or 
similar carrier of any size or shape which 15 to be 
run up to the firing point by remote control and de- 
tonated en masse. 


3.9 LIQUID EXPLOSIVES: 


At the request of the Army Corps of Engineers, 
under Service Project CE-32, Division 8 was asked 
to develop a liquid explosive for use in mine clearing. 
The Division was also requested to furnish help and 
advice on the design and construction of a device for 
dispensing a liquid explosive in the field into a flex- 
ible hose. The hose itself was to be laid in the mine 
field hy means of a rocket and upon detonation was 
expected to clear a safe path for tanks and for per- 
sonnel. It was the responsibility of Division 8 to de- 
velop the explosive, and it was the responsibility of 
ihe Corps of Engineers to evaluate its mine-clearmg 
efficiency. Results on standard minefields are reported 


ihis section is taken from a summary prepared by Howard 
J. l'isher.25,26 


by the Engineer Board, Ft. Belvoir, Virginia, and 
will not be discussed here. 

The requirements for the liquid explosive were as 
follows: 

1. It should be safe to handle both during manu- 
facture and transport. 

2. It should be as insensitive as possible to enemy 
small arms fire. 

9. It should propagate a high-order detonation in 
diameters as low as 1 in. in the unconfined state. 
This requirement was later altered to permit propa- 
gation in diameters only as low as 5 in. because a 
larger hose carrying а minimum of 4.5 lb of explo- 
sive per foot was expected to be used against anti- 
tank mines. 

4. It should be capable of being stored 1n the usual 
Service Magazines, 

5. It should have a low freezing point to avoid 
crystallization in the field. 

The development of liquid. explosives was carried 
out at the Explosives Research Laboratory, Bruceton, 
Pennsylvania, under Contract OF Msr-202 and at the 
castern Laboratory of the du Pont Company, Gibbs- 
town, New Jersey, under Contract ОТ Msr-828. ‘Tests 
were conducted at the Engineer Board Field Station, 
Port Royal, Virgmia. 

Four liquid explosives were developed. All were 
based on a 75/25 nitroglycerin-nitroglycol. mixture 
(No. 8 oil) because it is the only liquid explosive 
manufactured in this country im sufficient quantities 
for wartime use. The nitroglycol was nsed to lower 
the freezing point of the nitroglycerin. 

Two compositions based on nitroglycerin desen- 
sitized with dimethyl phthalate апа stabilized. with 
ethyl centralite were developed at ERL. Two other 
compositions based on nitroglycerm desensitized with 
a 70/30 mixture of DNT оп-Т АТ and stabilized with 
diphenylamine were developed by the du Pont Com- 
pany. The exact formulations follow. 


Methylite 20 
Nitroglycerin-nitroglycol 


Methyhte 25 
Nitrogl ycerin-nitroglycol 


(10725) S0 (75/25) 75 
Dimethyl phthalate 20 Dimethyl phthalate 26 
Ethyl centralite OS Ethyl centralite 0.75 

EL-389 A EL-389 B 
Nitroglycerin-nitroglycol Nitroglycerin-nitroglycol 

(75725) 55 (75/25) 60 
DNT oil-TNT (70/30) 45 DNT oil-TNT (70/30) 40 
Diphenylamine 0.55 Diphenylamine 0.6 


Considerable time was devoted to a study of the 
sensitivity of these liquids in a number of impact 
machines. Depending upon the conditions of confine- 
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ment aud upon the types of strikers and anvils used, 
the sensitivitv of all the liquids ranged between that 
of dry РЕТМ and crystalline TNT. In all cases. they 
were shown to be considerably less sensitive. than 
nitroglycerin, Furthermore, they were found to be 
insensitive to frictional impact and did not detonate 
in any friction device tried. 

Methyhte 20 and 25 and EL-389B and A were also 
found to be insensitive to .30- and .50-caliber ball and 
tracer ammunition when backed by air and confined 
in 1- and 3-1n. diameter neoprene-tmpregnated Fiber- 
elas hose. Т`һеу gave fires approximately half the time 
when struck bv .30 caliber incendiary ammunition 
and gave detonations when fired upon with .50 caliber 
incendiary ammunition. 

The four liquid explosives studied were, 1n a limited 
number of tests, insensitive to .50 caliber ball and 
tracer ammunition when contained m thin steel con- 
tamers (such as Jerricans or Army Air Forces gas- 
oline cans) or when held in hght-walled aluminum 
containers which were rubber lined. They are probably 
sensitive to incendiary ammunition m both the lined 
and unlined containers. 

In order to satisfy Navy shipping requirements, a 
number of drop tests were made. In the first series of 
tests these liquids were shown to be Insensitive to 
drops of 50 ft onto armor plate supported by packed 
earth when contamed in Army Air Forces gasoline 
cans and packed for shipping in boxes of 94-11. wood 
having about 1 1n. of sawdust between the wood and 
the container. Теп drops were made with each ex- 
plosive. 

Another series of drop tests was made under the 
following conditions at the request of the Bureau of 
Ordnance. A special shipping container developed by 
the packaging section of Picatinny Arsenal specifi- 
cally for these liquids was dropped from a height of 
50 ft onto armor plate studded with railroad spikes 
arranged so that at each drop at least one spike pene- 
trated the container. 

The Picatinny containers are 10-1n. cubes made of 
thin copper covered on the outside with 34-in. ply- 
wood held in place by à mortised joint which runs 
along each edge of the cube. The top cubical face 
contains a large hole near the center for filling and 
emptying. The closure for this hole consists of a 
neoprene-gasketed hd held in place by a spider. Two 
of these containers, each holding 2% gallons (30 
lb of explosive) are packed in а box similar to a 
standard ammunition box and having approximate 
dimensions: 26-in. inside length, 14-in. inside width 





and depth. This box is made of 34-1. wood with re- 
inforcement at the ends. The two inner cubical con- 
tamers are spaced with Celotex and cardboard so that 
they are about 2 in. from each other and from each 
inner face of the ammunition box. 

In ten drops each with Methyhte 25 and EL-389A 
there were no detonations. In every drop the spikes 
penetrated the containers and hquid was spilled onto 
the armor plate. 

Two devices were designed for dispensing these 
liquid explosives m the field. They were built by the 
М. W. Kellogg Company, Jersey City, New Jersey, 
under an Engmeer Board contract. A representative 
of Division 8 from the Explosives Research Labora- 
tory and from the du Pont Company approved and 
selected valves, connections, and closures for the tanks. 
In all cases where contact with the hquid explosive 
was expected, the moving parts were arranged so that 
no metal-to-metal contact was possible between sur- 
faces which were wet with liquid. explosive. The first 
prototype, known as the Dragon No. 1, was built to 
hold 2,250 lb of liquid explosive. The tanks were ìn- 
stalled in а M10A1 3-in. gun carrier. The liquid. was 
forced from the tank through а rubber-hned valve 
into а 500-ft length of 3-in. neoprene-impregnated 
Fiberglas hose which was launched by a rocket. It was 
possible to dispense the 2,250 Ib of explosive in 1% 
minutes under air pressure of 70 psi. 

The second device, known as the Dragon No. 2, 
was arranged for holding 4,500 1b of liquid explosive 
in three tanks connected in series. The containers were 
completely enclosed in a T4 25-ton tank. Space was 
also left for a driver, an assistant driver and an ex- 
plosive operator. In this design the hquid was forced 
into three 150-ft hoses 3 1n. m diameter launched by a 
rocket-and-yoke mechanism so that the three hoses 
fell in a lane no wider than 15 ft. This arrangement 
was necessary because 16 was shown by tests that a 
single linear charge did not clear an adequate path 
for tanks through the quite insensitive Japanese land 
mines, It was expected from static tests with hand- 
laid hoses that three hoses lying symmetrically in a 
15-ft lane would clear an adequate tank path. 

Boosters which will initiate high-order detonation 
at a velocity of 6,800 to 7,400 mps in these liquids 
may be made of cast Pentolite or Composition C-2 
arranged in a cylinder, 5-in. OD by 8-1п. ID by 6 In. 
long, placed around the hose or, more simply, by 
shooting small shaped charges axially or diametri- 
cally into the hose. 

Valve, tank linings, and hose materials may be 
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made of neoprene, compounded GRS, Vinylite, Buta- 
cite, or loroseal. Neoprene and compounded GRS 
are probably the best. Hycar, noncompounded GRS 
and Resistoflex are not satisfactory. 

sriefly summarized, the problem stands as follows. 
Four liquid explosives have been developed. These 
are based on commercially available materials, have 
withstood one month's storage at 71 C (160 F), and 
have been stored for two years at ordinary tempera- 
tures without. apparent deterioration. They are in- 
sensitive to .30 and .50 caliber ball and incendiary 
ammunition when unconfined. They are not detonated, 
when properly packaged, by drops of 50 ft onto spike- 
studded armor plate. Being of reasonably low viscosity 
(about 80 centipoises at 0 C) and of reasonably low 
freezing point (about —10 C), they may be dispensed 
at temperatures usually encountered in the field into 
flexible hoses 5 in. in diameter at the rate of about 
one ton in 90 seconds by aiv at а pressure of 80 psi. 


3.10 INCREASED VISIBILITY OF 


AA SHELL BURSTS 


An early request made of Division 8 was to devise 
a method of increasing the visibility of the bursts of 


antiaircraft shell. A quantitative photographic meth- 
od was employed to measure the brightness of bursts 
of 43 (weight) scale models of 3-in. AA shell. The 
standard loading of the model shells was 150 е of 
cast TNT plus a 20-0 tetrvl booster. When 15 
crements of the following materials were added the 
ratio of the brightness of the burst to that of the 
standard loading was 


g In- 


hed phosphorus 15 
Silicon 50 
Aluminum 400 


The silicon and aluminum should be placed m a small 
container at the base of the shell in order to be most 
effective. With the aluminum, variations 1n particle 
size between 20 and 250 mesh were without effect. Alu- 
minum also increases the duration of the flash from 
about 2.5 to about 17 milliseconds. The original re- 
ports show the improvement 1n visibility attained by 
using less than 15-g Increments; this permits the 
calculation of the amount of additive required to 
produce a given visibility. Tests with other additives, 
less effective than the three listed above, are also re- 
ported.**.** 


Chapter 4 


EXPERIMENTAL STUDIES OF EXPLOSIVE PHENOMENA 


y Me Is CHAPTER will deal almost entirely with studies 
of shaped charges. but that discussion 1s preceded 
by a very brief mention of the flash photograpluc tech- 
nique and its application to explosive phenomena and 
by a summary of studies of shell fragmentation. 


4.1 FLASH PHOTOGRAPHY 


When a solid sphere of high explosive, for example 
50/50 Pentolite, surrounded by argon, is detonated 
at its center, the resultant shock wave in the argon 
produces a flash of light of high intensity and short 
duration. (Under favorable circumstances durations 
of 0.5 microsecond have been obtained). The inten- 
sity of the flash 1s roughly proportional to the spher- 
ical surface of the explosive, its duration to the thick- 
ness of the gas laver. The hight flash enables explo- 
sive phenomena to be studied photographically. 

Two extensions of the technique have considerably 
enhanced its utility. 

The first consists of the use of a high-speed shutter 
which permits reflection. photographs to be made of, 
for example. expanding shell cases without interfer- 
ence and fogeing from the relatively long duration 
shock wave and combustion luminosity of the detona- 
tion products. When simple shadow pictures are made, 
it ıs possible to use a small enough camera lens open- 
ing to prevent interference by the relatively low-in- 
tensity after-heht. When reflection pictures are made, 
however, the subject hght intensity 15 much lower, 
and in order to prevent the after-heht from fogging 
the picture, the camera must be closed 1n a time of the 
order of microseconds after the detonation of the 
flash bulb. 

A simple and effective shutter was devised by pass- 
ing the ends of two pieces of Primacord in front of 
and about an inch away from the heavy glass protec- 
tive window, just above and below the field of view 
of the camera. The Primacord fuzes ате of such length 
that they detonate several microseconds after the 
flash bulb. The opaque products from the Primacord 
expand in front of the camera lens and effectively 


“The discussion of shaped charges is from a summary pre- 
pared by M. A. Paul. The discussion of the remaiming items 
in this chapter is based on information supphed by G. H. 
Messerly. 


close it. The shutter remains closed because of the 
formation of a layer of soot and carbon on the heavy 
glass window. The detonating fuze next to the window 
is covered with a layer of vaseline and earbon black 
to Increase its effectiveness for this purpose. 

A second extension of the flash photography tech- 
nique 15 concerned with the development of a rela- 
tively long-duration light source for use in conjune- 
tion with the drum or mirror camera to obtain rate 
pictures of rapidly moving nonluminous phenomena 
water shock waves, for example. To produce the in- 
tense light of 40 to 50 microseconds duration neces- 
sary for this purpose, the light bulb is made in the 
form of a transparent tube filled with argon with an 
explosive pellet at one end of the tube. (An earlier 
form of the hght had a narrow column of explosive 
at the axis of the tube. ) 

The flash photographic method has been applied 
to a variety of explosive phenomena, for example, the 
formation of jets from cavity charges and the quali- 
tative and quantitative aspect of expanding shell cases. 
These and other applications are described in detail 
in the reports already cited. 

Shock waves in air and in water were investigated, 
using both the rotating drum camera? and flash pho- 
tography. The data obtained have been presented in à 
formal report.* The principal interest in the work 
hes in the fact that qnantitative observations were 
made of much more intense shock waves (shock-wave 





pressures of the order of hundreds of atmospheres in 
air) than are customarily studied by other means. 


4.2 STUDIES OF SHELL FRAGMENTATION 


In order to study and compare the effectiveness of 
various shells or bomb casings and fillers, it 1s neces- 
sary that data be available on (1) the average frag- 
ment velocity and the fragment velocity distribution 
at various directions with respect to the shell axis; 
(2) the mass and size distribution of the fragments, 
also as a function of direction from the shell; (3) 
the retardation coefficient for the fragments, 1.е., the 
rate at which their velocity decreases due to air re- 
sistance; and (4) standard target damage data for 
fragments of various sizes and velocities. [f suffi- 
ciently accurate and detailed data of this kind are 





COXTIBENTESE—, 65 


66 EXPERIMENTAL STUDIES OF EXPLOSIVE PHENOMENA 





available, it is possible to make reliable predictions 
of the effectiveness of shells against various kinds of 
targets and at different target distances. The pro- 
eram of study at the Explosives Research Laboratory 
[ERL] was designed to supply such data. 

The method of fragment velocity measurement de- 
veloped at the ERL measures the velocities of a num- 
ber of fragments from a single burst whose trajec- 
tories are defined only within a known solid angle. 
It consisted of recording, with a rotating drum cam- 
era, the shadow images of the fragments passing 
between the camera and three illuminated shts. The 
three image spots produced by each of a number of 
fragments passing in front of the camera at about the 
same time are easily identified, and the fragment 
velocity is deduced from their spacing on the film.? 

The individual fragment velocities were measured 
with an error of about 2- 2%. The velocity measure- 
ment was made over a distance of 2 ft at au average 
distance of 8% ft from the shell. After passing in 
front of the camera, the represeutative group of frag- 
ments were received on a target which recorded their 
penetrative power. If this target was made of wood, 
telephone books, or other suitable material, the in— 
dividual fragments were preserved and identified with 
the measured velocities. The method thus gave, for 
each fragmeut of a representative group from a bomb 
or shell burst, a measurement of the mass and ve- 
locity; and, depending on the amonnt of distortion 
which the fragment suffered when it is stopped, the 
fragment size and shape. Further, from the change 
in appearance of the image spots from one slit to the 
next, it was possible to make a rongh estimate of the 
rotational velocity of the fragment. 

The shell to be studied was detonated 1n the center 
of a 20x20-ft chamber, with the shell axis vertical 
and the center of the shell about 2 ft from the floor. 
A band of fragments 15 degrees in width and from 
1 to 2 ft high was used for the velocity measurements. 
Penetration and. fragment distribution measurements 
were made at the saine time on a large portion of the 
side wall band of fragments by means of targets 
placed around the sides of the room. From a single 
burst it was thus possible in principle to obtain com- 
plete information on the fragmentation of a given 
shell. Because of the spread 1n fragment velocity, how- 
ever, it is usually necessary to fire about six shells to 
obtain a statistically significant average velocity valne. 

As indicated above, in order to predict the useful 
range of the fragments, something must be known of 
their deceleration from air resistance. То provide such 


data, the single-station apparatus described above was 
expanded to allow velocity measurements to be made 
at three distances, 944, 25%, and 78 ft from the 
shell. The experimental arrangement for these meas- 
urements, and the results obtained are described in 
reference 6. 

Some data on the size distribution of the fragments 
may be inferred from the distribution of hit sizes on 
the steel target panels, and a smaller number of data 
on the actual fragments were obtained from the frag- 
ments recovered from the wood targets. It 1s much 
more eficient, however, to obtain the mass and size 
distribution of the fragments from pit firing in which 
all the fragments from a given shell are received in 
sand or sawdust and recovered therefrom.’ 

From the foregoing it seems that in principle, at 
least, all the requisite data for the evaluation of a 
shell may be obtamed. The actual results, however, 
summarized below, are far from complete and con- 
stitute only a beginning in the study of this subject. 

In a study whose mam purpose was the determina- 
tion of the effect of casing thickness on the fragment 
velocity and penetration, simulated shells of 2-m. ID 
and wall thickness of Y$, %46, 46, 9$, 15, and 9$ in., 
filled with TNT, Ednatol, Cyclotol, and Torpex, were 
studied. In addition a number of other explosives 
were studied mm in. thick cases. It was оппа? that 
the average fragment? velocity was a nearly linear 
function of (charge weight/casing weight)*^7* a con- 
clusion later confirmed over a wide range of charge 
ratio by flash photography studies. 

The relatively small amount of data on fragment 
retardation may be summarized. 

1. The maximum or mean fragment presentation 
area per unit mass of fragment does not seem to be 
a very useful criterion for predicting fragment re- 
tardation. (This remark applies only to fragments of 
the indicated size and velocity range and over a dis- 
stance range of 27 ft from the shell. Studies with 
smaller fragments and/or larger distances would un- 
doubtedly show some dependence, and research in 
this divection should certainly be undertaken.) 

2. About % of the fragments studied exhibited ap- 
preciable rotation, while 23. were stably oriented. 
This fact suggests that lt is not very useful to apply 
to the problem of fragment retardation a mathemat- 
ical analysis which postulates random orientation of a 
given fragment with respect to its direction of Hight." 

The relative effectiveness of different explosives in 


b Controlled fragmentation of thin-walled casings is dis- 
cussed in Reference 11. 
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{һе same casing was examined for Ednatol, 55/45 
PNT/Alunumum, Cyelotol, HBX, РТХ-1, PTN-2, 
TNT-D2 95/5, Tritonal-D2 95/5, Pierotol 52/48, 
Pipe. Тогрех LL, Pentolite, Composition A-3 91/9, 
Composition A 88/12, Amatol 80/20, aud TNT. The 
last-named explosive was used as а control. Maximum 
average fragment velocity differences of about 25% 
were found among the various explosives. The dif- 
lerences 1n average velocity showed in most cases а 
fair correlation with the number of fragments of 
various degrees of effectiveness and with the ballistic 
mortar value for the explosive m question. 

In an attempt to place the data for target damage 
on a more systematic basis, an attempt was made to 
determine, for several velocities and target thick- 
nesses, the smallest fragment mass which will just 
perforate, and the largest mass which will just fail 
to perforate a given target. The results of voluminous 
target penetration data bearing on this problem have 
been collected together with frequently useful for- 
mulas relating the fragment momentum per unit 
area to the penetration. 1n targets of wood, paper 
(telephone directories), and steel, and the average 
nass and area of shell fragments." 

Both the single and the multiple station velocity 
apparatus were used to compare the effectiveness of 
explosives in various types of actual shells. 7? 

A target damage study program was made with 
the objective of determining the optimum wall thick- 
ness of mortar shells designed for use with proximity 
fuzes.2° The experimental setup used for these static 
firing tests consisted of two 9-ft high semicircular 
target "fences" of 1-in. thick yellow pine. One of the 
semieircular target fences was of 20-ft radius; the 
other of 40-ft radius. The shell was hung at Ше сош- 
mon center of the semicircular targets, with the shell 
axis horizontal, and in line with the common diameter 
of the semicircles so that equivalent fragments were 
received on both targets. This work was necessarily 
done in a proving ground area. 

The significant results of the Investigation may be 
summarized : 

1. There is little difference in effectiveness or ap- 
preciable shift of fragment distribution with change 
in wall thickness of 0.050, 0.060, 0.080, 0.090, and 
0.110 in. 

2. Change from nose to tail imitation shifts the 
peak in fragment distribution from about 100 to 80° 
(nose = 0°). 

3. Composition B is 10 to 15% more effective 
than TNT. 


4.3 SHAPED CHARGES 


4.3.1 Introduction 


The discovery of the shaped charge or cavity effect 
is generally attributed to C. E. Munroe, a civilian 
chemist working for the U. S. Navy at the time. 
In several papers published during the period from 
1885 to 1900 he showed that a cavity hollowed 1n the 
base of an explosive charge resulted 1n a deep hole 
imstead of the usual shallow depression m a steel plate 
on which the charge had been standing. The pheuom- 
chon was remvestigated їп Germany in 1914 by Е. 
Neumann, who studied the effect of varying the cavity 
shape and observed that penetration persisted when 
the charge was removed a short distance from the tar- 
get. No use, however, was made of shaped-charge 
weapons during World War I. 

lhe basis of modern shaped-charge developments 
is the introduction by If. Mohaupt in 1937 of a 
metal liner in the cavity. With a suitable metal liner, 
the depth of the hole in the target may be increased 
more than threefold over that produced by an unlined 
cavity charge. Furthermore, the lined charge is effec- 
tive at a considerably greater distance from the tar- 
eet; for the conventional liners now in use, a stand-off 
of several charge diameters is required to attain maxi- 
mum depth of penetration.* 

Shaped-charge weapons have been extensively used 
in World War II by all major armed forces. Research 
on shaped charges m this country, particularly on 
the part of the National Defense Research Committee 
was stimulated by pioneer work in Great Britain to 
which we are deeply mdebted.? 

American shaped-charge weapons that have been 
in Service use include the M9AÀ1 rifle grenade, the 
spectacularly successful МбАЗ 2.56-m,. HEAT rocket 
(the Bazooka), the M307 HEAT shell for the 57-mm 
recoilless gun, the M66 and M67 HEAT shell for the 
10-mm and 105-nim howitzers, and several Engineers 
demolition charges. Weapons in various stages of de- 
velopment, but not completed im time to be appled 
by the Armed Services include a shaped-charge tor- 
pedo warhead, a HEAT round for the 4.2-1n. recoil- 
less chemical mortar, shaped-charge bombs of various 
sizes, a high-velocity 2.56-in. HEAT rocket, and sev- 
eral other projectiles of different sizes. 


“The early developments are described 1n reference 27. 


dExcellent reviews of British work are to be found in refer- 
ences 28 (a review to the end of 1942); 29 (the early part of 
1943); 30 (the period from August 1943 to August 1944); 
and 31 (this includes ARD Explosives Report 669/44). 
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Division 8 sponsored the development of several 
specie shaped-charge weapons, described in Chap- 
ter 3. 

Fundamental research on shaped charges by Divi- 
sion 8 was carried on at the Explosives Researeh Lab- 
oratory, Bruceton, Pennsylvania, which also partici- 
pated directly 1n certain specific shaped-charge weap- 
on developments. 

In the general description of shaped-charge phe- 
nomena that follows, we have borrowed freely from 
British sources of information and also from work in 
this country carried on at the Eastern. Laboratory of 
the du Pout Company under contract with the Army 
Ordnance Department, and at the Ballistic Research 
Laboratory, Aberdeen Proving Gronnd, Maryland. 
The present state of our knowledge has been derived 
from many sources and we do not pretend in this sum- 
mary report to have assigned full credit to all the 
various organizations and individuals who have con- 
tributed to this knowledge. 


132 General Properties of Cavity Charges 
Fired in Air 

Cavity charges fired against steel or concrete tar- 
vets in air produce. typically, holes several calibers 
deep and rather small in diameter in the target. H 
thev fal to perforate the target, no special damage 15 
done on the other side. If they do perforate the tar- 
eet. еу will disintegrate objects directly in the line 
of fire, that is, along the extended charge axis. Fur- 
ther damage may be done by spalled material from 
the rear of the target, but such damage 1s generally 
confined to a region of perhaps 20? solid angle 
about the lime of intense destructive effect. An im— 
portaut source of damage consists of explosions or 
fires that may be imtiated by the jet if 1t should pass 
through a magazine or a fuel supply. 

The effectiveness ofa propelled shaped-charge weap- 
on, unlike that of an armor-piercing projectile, is a 
property of the charge itself and not of the velocity 
with which it strikes the target. In fact, for reasons 
to be considered later, the effectiveness is actually 
less at higher velocities. The shaped-charge is therc- 
fore ideally suited to low-velocity projectiles, such ах 
the Bazooka, and to stationary demolition charges. 
The armor-piercing projectile. on the other hand, by 
carrying the maim charge through to the other side 
of the target, will do more general damage there. 


РӨ FILLING AND CHARGE LENG a 


In general, the depth of penetration by a cavity 
charge increases with the power of the explosive fill- 


› 


Ine. Cast Composition D 
tive than cast LNT. One of the most effective explo- 
ives Is fluid 70/30 Cyclotol. For filling small weap- 
ous, this latter composition is too thick (it must flow 


Ix about 20% more effec- 


evenly mito the narrow converging space at the base 
of the liner). and 65/35 Cyclotol is more acceptable. 
For historical reasons related to the supply of RDX 
and also to questions of fluidity. many American 
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shaped-charge weapons, Including even the howitzer 
shell, have been loaded regularly with cast 50/50 
Pentolite. The depth of penetration with Pentolite 
is опу 90 te 95% of that obtained with 65/35 Cy- 
clotol : at the same time, Pentolite is a more sensitive 
filling. Picatinny Arsenal has recently developed 
the ternary mixture VIN? (TEINS 
20/44/28) as a castable filling tor shaped-charge ap- 
plications, but it has not vet heen adopted for general 
service use. The Germans have made much изе of 
charges consisting of pressed. preformed pellets. of 
waxed RDA and other explosives. 

As the charge length. measured from the liner base, 
is increased, the cavity effect approaches a limit at- 
tained at a charge length of about 3 diameters. When 
the charge length is increased. further, there is little 
increase in. depth of penetration. Figure 1, for un- 
confined 198-1. diameter charges bearing МӘАЛ steel 
cones, Is illustrative. The charges consisted of 50/50 
cast Pentolite topped by pressed tetrvl booster pellets 
55 in. m length. The charge length in. Figure 1 1n- 


cludes the booster. 
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CHARGE LENGTH CONE DIAMETERS 


Figure 1, Depth of penetration versus charge length 
unconfined, 1°-in. diameter charges bearing M9AI 
steel cones at 3-in, stand-off. 


The shaped-charge effect depends проп а concen- 
tration of the energv normally leaving the end of the 
charge. Except for the rather small loss in charge 
weight due to the presence of the cavity, the general 
blast and fragmentation effects of a cavity charge are, 
therefore, practically the same as for an ordinary 
charge of the same size. Thus, the M6A3 2.56-1n. 
HEAT rocket is an excellent fragmentation grenade. 
In fact, comparative tests made with an experimental 
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fragmentation head mm place of. the shaped-charge 
head showed that the original shaped-charge head was 
actually superior for fragmentation. The presence of 
the cavity. of course, had nothing to do with the 
superiority, which was due to the rather high charge 
weight to casing weight ratio as compared with the 
conventional heavy-walled grenade: but it is evident 
that one need not sacrifice. ordinary high-explosive 
effectiveness to ану appreciable extent in order to ob- 
tain the advantage of the cavity effect. 


STAND-OFF 

Most cavity charges show an increase m depth of 
penetration when the stand-off, or distance between 
liner base and target, is Increased from zero to some 
optimum distance, which is of the order of several 
charge diameters. Exceptions are unlined charges and 
charges bearing 20° steel cones; these perform best 
at zero stand-off. For all other hned charges, the 
optimum stand-off increases as the cone apex is m- 
creased. Typical depth of penetration versus stand-ofl 
curves for steel сомса! liners of 19$-1n. diameter in 
unconfined charges are shown in Figure 2. For steel 
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FIGURE 2. Effect of stand-off on depth of penetration, 
1°-1in. diameter unconfined cone charges. 


hemispherical liners, the optimum stand-off is 5.5 
to 4.0 charge diameters. At stand-olfs in excess of 
the optimum, depths of penetration are likely to be 
erratic ; occasional charges that are presumably excep- 
tionally well aligned give depths equal to those ob- 
tained at the optimum stand-off. Penetration with 
diminished effectiveness persists out to amazingly 
large distances from the charge. Thus, one can design 


charges that will penetrate one charge diameter of 


mild steel at a stand-off of 15 charge diameters. Alu- 
minum liners show much larger optimuni stand-olfs 
than do comparable steel liners. 

The hole volume changes but slightly as the stand- 
off is mecreased to the optimum for depth of penetra- 
tion. The improvement in depth is obtained at the 
cost of some reduction in hole diameter. With increas- 
ing stand-off beyond the optimum, the average hole 
volume shows a decrease. A theory of the effect of 
stand-off npon target penetration is given In Nec- 
tion 4.2.4. 

LINER PHICKNESS 

The optimum liner weight varies but slightly with 
the apex angle for conical liners of given base diam- 
eter. The optimum liner (/ichness for a given metal 
is thus proportional to the sine of half the apex angle, 
though it mav be somewhat greater for cones more 
acute than 45°, While exhaustive tests have not been 
carried out on metals other than steel, the evidence 
available indicates that the optimum weight is not 
very different for different metals, including copper 
and aluminum as well as steel. At any rate, the per- 
formance is hot affected critically by the precise hner 
оге," 

The optimum liner weight and thickness are greater 
for confined than for unconfined charges. In fact, the 
performance of cones that are of optimum wall thick- 
ness 1n unconfined charges is serjously impaired if the 
charges are confined. On the other hand, cones that 
are somewhat heavier than the optimum for uncou- 
fined charges show an Improved performance when the 
charges are confined. Optimum wall thicknesses for 
45° steel cones under several degrees of confinement 
are summarized by the following data. 

Approximate Optimum 


Wall Thickness for 45? 
Cones (per cent of 


Confinement base diameter) 
None or very light JE. 
Light (cross-sectional charge/easimmg = 1.3) 2 
Heavy (cross-sectional charge/casing = 0.4) $11. 


The confinement referred to as light corresponds to 
that rocket head such as the MG6A5 
ПЕАТ rocket. The condition referred to as heavy cor- 
responds to that In a shell such as the M66 75-1um 


In a О. ООШ 


HEAT shell. Phe optimum wall thicknesses given are 
about right also for copper 45° cones. 

If one chooses the appropriate optimum cone 
weight, confinement has no net effect upon the depth 
of penetration. Increased confinement does increase 
the hole diameter and hole volume. Other conditions 
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bemg constant, increased liner thickness results in 


smaller diameter holes. 


LINER SHAPE 

Liners of various shapes have been tested in small- 
scale charges. Except for differences in optimum 
stand-off, a wide variety of shapes appear to be equiv- 
alent. No special shape has been discovered that is 
superior to a cone of uniform wall thickness woth 
apex angle between 45° and 50°. Figure 5 summarizes 
the depth of penetration versus cone angle relations 
for steel-Imed unconfined 19$-1n. diameter Pentolite 
charges. At zero stand-off, 20° cones give the best re- 
sults of all angles tested, about 5.0 cone diameters 1n 
mild steel. Better results, about 5.7 cone diameters 1n 
mild steel (equivalent to about 3.1 in armor), are ob- 
tained at 2-3n. (1.9 cone diameters) stand-off using 
45° cones. With unlimited stand-off (e.g.. 5 cone 
diameters), still better results, about 4.0 cone diam- 
eters 11 mild steel (3.2 in armor) ave obtained with 
60° cones. These maximum depths may be increased 
by about 10 per cent by using 65/35 Cyclotol in place 
of Pentolite. Since 1n most propelled weapons, stand- 
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igure 3, Depth of penetration versus cone angle; steel 
cones, unconfined 19?$-in. diameter Pentolite charges. 


offs much 1n excess of 1-cone diameter are difficult to 
obtain, 45? cones appear to be the best choice for such 
weapons. In stationary demolition charges, however, 
where stand-off may be readily controlled, 60° cones 
appear to have a small advantage over 45°. 

Cones with tapered wall thickness have received 
some consideration. For 45° cones, a taper from thin 
at the apex to thick at the base has an advantage over 
a taper from thick at the apex to thin at the base, but 
neither appears to have any advantage over a cone of 


uniform wall thickness. British sources, however, m- 


dicate that a great improvement in. the performance 
of 60° lead cones results from a change from uniform 
wall thickness to walls tapering from thin at the apex 
to thick at the base.?? 
Henmispherical steel liners 
confined charges than 1n unconfined ones. À remark- 


behave much. better in 


able improvement has been observed as the result of 
the presence of an axial flash tube (for point-intia- 
tion by а spit-back fuze) but the reason for this phe- 
nomenon is not at present known.? Tlemispherical 
steel liners are characterized by rather large optimum 
stand-offs (3.5 to 4.0 diameters) and are quite mel- 
fective at stand-offs of the order of 1 diameter. Steel 
spherical cap liners with large radii of curvature are 
ineffective, but British sources indicate that similar 
liners made of lead perform well. 

The configuration of the base of the liner where it 
joms the casing 18 of some importance. If the true 
cone base diameter 1s smaller than that of the charge 
and if the cone is supported by a flat base flange cov- 
ered by explosive, the performance is seriously im- 
paired under certain. conditions. In general, for a 
charge that 1s confined, the true cone base should be 
the full diameter of the charge at the place where the 
cone 1s secured to the casing. The harmful effect of 
the base flange when covered by explosive appears to 
be related to interference with development of the 
later parts of the shaped-charge Jet, normally formed 
fron material conung from near the base of the col- 
lapsing liner." 


DINER MATERIAL 

For rather obvious reasons, most shaped-charge 
projectiles have been equipped with steel liners. The 
steel should be a mild steel of low carbon content since 
carburized steel, probably because of its greater brit- 
tleness, gives inferior results. Certain service demo- 
htion charges, such as the M2 shaped charge, have 
been provided with glass cones. Glass 1s somewhat 1n- 
ferior to steel in depth of penetration, but the hole 
volumes produced in concrete targets are larger and 
the holes are less filled with debris.** °° 

Since copper became more available, considerable 
progress has been made in the development of cop- 
per liners, resulting 1n the adoption in April 1945 of 
copper cones for the 2.56-1n. HEAT rocket (the 
Bazooka). This development was carried on by the 
Eastern. Laboratory of the du Pont Company under 
Army Ordinance E ii и contract. Earlier work? 
with unconfined 19$-in. diameter charges had indi- 
cated a rather large optimum stand-off for copper, 
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shorter 


to steel at 


M6 cones 


even though copper was superior 


More recent work with copper 
in confined charges (as in the 2 rocket head) 


suggests that the optimum stand-off ts about the same 
O 


И, 
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as for steel, namely about 2 cone diameters for 42 


cones. Depth of penetration versus stand-olf curves for 
steel and copper M6 cones are shown m Figure 4. 
Up to the optimum stand-off, the depth of penetra- 


tion by the copper cones is about 40 per cent greater 
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DEPTH OF PENETRATION IN CONE DIAMETERS 


Figure 4. Depth of penetration versus stand-off, МӨ 
steel and copper cones (2.36-in, diameter, 0.062-1n. 
wall 15<-in, diameter aluminum 45? cones (0.064-1n. 
wall), al charges steel confined. 


than for steel. The maximum depth of penetration 18 
about 5 cone diameters in mild steel or about 3.8 сопе 


diameters in homogeneous armor using Pentolite 
charges. With 65/35 C€Cvelotol. these maxima may be 
increased by about 10 per cent. The relative superior- 
{у of copper over steel appears to be somewhat less 


At stand-olfS 


bevond the optimum. according to Figure 4, the ad- 


In an armor than nm a mild steel target. 


vantage of copper over steel disappears, though 

penetrating through equally large thicknesses of water. 
copper remains superior to steel. No reason is known 
why large distances through air should influence the 
relative performances of copper and steel cones dif- 


МОГИ 


accepted explanation has been 


ferently from large distances through wate 
matter, no generally 
offered for the quite impressive superiority of copper 
over steel at moderate stand-olfs. One suggested. ex- 
planation Is based on the greater ductility of copper, 
presumably maintained even under high stress, which 
may result in more material being pulled from the 
base of the huer after collapse is complete in the so- 
called “ phase of jet formation. This mate- 
rial would add to the latter portion of the jet and 
thereby increase the overall penetrating power. 
Aluminum liners are peculiar in that they show re- 


markablv large optimum stand-offs. Figure 4. shows 


secondary? 


this for 459 aluminum cones. At their optimum stand- 
off of 6 ў 5 cone diameters, penetration by the alu- 
minum cones is about equivalent to the maximuin for 
steel cones. At stand-olfs of 1 to 2 cone diameters, how- 
ever, where steel and copper are most effective, ahu- 
minum is quite ineffective, Aluminum cones show a 
dependence of optimum stand-off on cone angle similar 
to that observed with steel cones, but for any given 
angle the optimum for aluminum is displaced to a 
much larger value than for steel. No plausible explana- 
tion of the stand-oft effect with aluminum has been 
offered. The obvious correlation with low liner density 
class cones which 


t 


breaks down when one considers 
show no such effect. 

сахі zinc 
material, though 


German sources have indicated. that die- 
has merit as a shaped-charge Hiner 
it is not 1n the same class as copper. 

The British, early in World War H, drew a distinc- 
tion between “fuid” and “particle? jC They be- 
lieved that the more volatile metals such as lead. tin, 
and cadmium gave rise to fluid jets; whereas steel 
gave rise to a stream of discrete particles. At one time 


they regarded the fluid jets as having appreciably 
greater penetrating power than the particle jets. 


The comparison however was based upon shallow 
dish-shaped liners. We know that such liners made of 
steel are greatly inferior to acute cones, whereas when 
made of lead they give reasonably good performances. 
We beheve it is correct to state that none of the so- 
called fluid types of liners i$ superior to the better 
steel cones. The distinction between the properties of 
fluid and particle jets was based to a considerable 
extent upon the shapes of the holes they produced in 
the target. We know now that the hole size and shape 
reflect only In a very indirect wav the shape of the 
jet. depending rather upon the nature of the target 
and the rate at which momentum is delivered to it. 
The nature of jet formation by steel cones has been 
ereatly clarified by flash radiographic investigation. 
The steel jet certainly appears to be formed m a man- 
ner reminiscent of the behavior of trne liquid. Jets 
and the theory of its formation is actually based upon 
hydrodynamic principles. Whether the jet itself con- 
sists of a continuous quasi-hquid stream or a succes- 
sion of small discrete particles is not definitely known, 
but the question is probably meaningless. The distine- 
tion between the flow of a true liquid and that of a 
solid under conditions of extremely high stress is 
rather difficult to define in terms of effects upon the 
surroundings. For the so-called fluid metals of the 


British investigators, the relatively low melting and 
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boiling points make it reasonably certain that the 
liners actually are melted and, perhaps, to a certain 
extent even vaporized during jet formation. We 
should expect that iť appreciable conversion to the 
vapor state takes place the resulting jet will have a 
tendency to diffuse more rapidly with increasing dis- 
tance from the target than would the jet from a metal 
that shows a greater tendency to cohere. Flash radio- 
graphic investigation should provide the answer to 
this point, as well as to the question why lead dish- 
shaped liners are so much more effective than liners of 
similar shape made from steel. 

А special use was found for composite liners con- 
sisting of sand particles bonded by a thermosetting 
plastic matrix molded to shape. The object was to 
demohsh bevond recognition a small radar oscilla- 
tor. located within a container. A steel-lined cone 
charge of conventional design would merely drill a 
hole through the unit but leave it otherwise recogniz- 
able. The sand Hiner, by producing a more diffuse 1f 
less penetrating "jet." was completely effective 1n. dis- 
integrating the target. This application is discussed 
in Section 3.6. 


Lancer MATERIAL 

For experimental purposes, many shaped-charge 
tests have been made using mild steel targets, but 
homogeneous armor and reinforced concrete are the 
principal target materials against which most actual 
weapons are designed to be effective. For quite a wide 
range of steel cones. the depth of penetration 1n homo- 
geneous armor averages about 84 per cent of tlie 
depth in mild steel. For copper cones, however, the 
ratio appears to be somewhat smaller, about 74 per 
cent for copper M6 cones. The hole diameters in 
armor are about 80 per cent of the diameters in 
mild steel. 

For lack of adequate test facilities, Division 8 did 
no work with shaped charges against reinforced. con- 
crete. А large body of information is available 
through the work of the du Pont Eastern Laboratory 
in designing shaped demolition charges for the In- 
gincer Board (contracts W-145-I2N G-467 and W-670- 
ORD-4331) 38444" The depth of penetration in Tce- 
inforced concrete is roughly 3.2 times the depth in 
homogeneous armor for the glass-hned M2 shaped 
demolition. chargo. 


oe Laws 
Such experimental evidence as is available for large 
shaped charges mdicates that they satisfy a linear or 


Hopkinson sealing Jaw. If one increases all of the 
charge dimensions in a fixed proportion, including 
diameter, liner thickness, charge length and stand-off, 
the depth of penetration in a given target material 
also inereases in the same proportion. Fairly good 
evidence of this for a spaced target was obtained in 
an juvestigation dealing. with the design of shaped- 
charge bombs. 


ABERRATIONS IN Caviry CHARGES 

Cavity charges are peculiarly sensitive to any dis- 
turbances 11 symmetry. They are, therefore, more 
touchy than ordinary charges with respect to design, 
manufactnre, and loading. Thus, if the conci is 1n- 
chned by as much as 1? or displaced by as much as 
1% of the diameter with respect to the charge axis, 
а significant impairment of the depth of penetration 
follows.” The liner itself must show no variation in 
wall thickness ı1 а plane normal to the axis, though 
axially symmetrical variations from apex to base may 
be tolerated to some extent without causing injury 
to the performance. Some difficulty has been experi- 
enced m obtaining liners for expernnental purposes 
having reproducible qualities. Rather subtle varia- 
tions in liner quality may result im differences in 
20%. The production of 
quantity showing reason- 


penetration of as much as 
steel and copper liners in 
ably uniform behavior has been solved by the opera- 
tion of successive drawings, bine draws being used to 
form the 45? M6 and MOA! cones. Even then, small 
variations in the behavior of different production lots 
have been observed. 

The explosive charge must be of unusually high 
quality to ensure satisfactory shaped-charge perform- 
ance. Penetrations as poor ах 50% of normal have 
been observed in a lot of Service-loaded Bazookas 
containing the normal Pentolite filling that were 
found by radiographie inspection to have holes 1n the 
castings. А significant. difference has been noted in 
the performance of 70/50 fluid. Cyclotol, depending 
upon the manner in which the charges are cast. This 
explosive is rather viscous for loading small charges 
and gives a performance no better than that of Pen- 
tolite if loaded 1n the usual way in cold molds or cas- 
ings. ТЕ the molds are preheated and the centers of 
the charges kept open by use of risers and steam 
fingers to eliminate contraction cavities, the perform- 
19е 15 mnnprowed by asemuch as 209 

The effects of these aberrations as well as of certain 


¢Variations in the thickness and quality of the cones can be 
detected by a radiographic technique.?! 
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others, such as wires through the cone and charge 
(for electromagnetic point initiation), have been dis- 
cussed 1n detail?? Other interesting experiments on 
similar lines have been carried out by du Pont East- 
eri Laboratory.**** 


DENN CT OF SPINNING 


A serious deterrent to the development of shaped- 
charge shell has been the general deleterious effect 
of spinning upon the depth of penetration. For some 
time. this effect was not recognized 1n this country, 
though tests conducted by the British had shown its 
existence. [n fact. the HEAT shell for the 57-mm 
recoilless gun was designed by the Small Arms Divi- 
sion of the Ordnance Department with the expecta- 
tion that 1t would supplant the Bazooka. Tests that 
had been conducted previously at the Explosives Ке- 
search Laboratory showed that a depth of penetration 
only half that of a nonspnining round of the same 
caliber could be expected.” The problem was for 
some time obscured by the question of fuze perform- 
ance and attainment of adequate stand-off at mod- 
erately high velocities (of the order of 1.200 fps). 

Lhe general effect of spinning at such rates as are 
necessary to stabilize projectiles at velocities of 1,200 
fps is to reduce the depth of penetration by conical 
liners at optimum nonspiunimg stand-off by about 
50%. At zero stand-off, the effect of spinning on 45° 
is less. but then one loses the advantage nor- 
obtained in a nonspinning charge with in- 
creased stand-off. With still higher rates of spin, the 
penetration apparently levels off and no further re- 
duction below about 50% follows. On the other hand, 
the effect begins even at rather low rates of spin, so 
it is not feasible to reduce the twist or muzzle velocity 
of the gun unless one 1s willing to go to such ex- 
tremes as to alter altogether the tactical uses of the 
weapon. One cannot eliminate the effect bv changing 
the cone angle, since even 20? cones are affected at 
zero stand-off (in this case, the jet has some distance 
to travel within the cone before it strikes the target). 
The effect is no doubt due to centrifugal force acting 
to reduce the concentration of the normally extreme- 
lv small-diameter jet. Flash radiographs of spinning 
cavity charges taken at the Ballistic Research Lab- 
oratory show this.” 

One general recommendation of Division 8 was 
that serious consideration should be given to high- 
velocity shaped-charge projectiles stabilized by fins. 
No action along this line was taken until very late 
in the war and no such projectiles have been devel- 


cones 
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oped i time to be of use to the Services. At the same 
time, since the tendency has been in the opposite 
direction. to stabilize even the rocket-propelled pro- 
jectiles by spin, intensive research was undertaken to 
discover liners less affected by spin and even to devise 
liners specially modified to counteract the effect of spin. 

Hemispherical liners showed some early promise, 
and indeed the effect of spin appears to be more 
gradual with hemispherical than with conical liners, 
so that with reduced muzzle velocity or reduced twist 
some Improvement over conical liners could be ex- 
pected. Such liners, made of copper, were actually 
adopted m the shell, HEAT, M307. 57 mm. but with 
the present twist and muzzle velocity of the 57-mm 
recolless gun, these liners are probably not superior 
to a well-designed conical liner. These results are 
confirmed by spinning tests conducted by J. C. Clark 
and С. E. Hawk at the Ballistic Research Labora- 
tory.” The Germans used a hemispherical steel liner 
m their 105-mm and other hollow-charee howitzer 
shell. Although, according to recently captured docu- 
ments, they discovered the deleterious effect of spin- 
ning quite early in the war, they apparently made no 
determined effort to do anvthing about it. 

In the direction of designing a liner specially modi- 
fiel to compensate for spin, partially successful re- 
sults have been obtained at the Explosives Research 
Laboratory using a so-called offset liner.““ The depth 
of penetration of such a liner is actually improved 
over the static performance when the shell is spun. 
As would be expected, the static performance is be- 
low that of an unmodified liner and spinning in the 
wrong direction impairs the performance below that 
of the static charge. When spun, however, in the 
proper direction at the optimum speed, which in 
principle depends upon the degree of offset. penetra- 
tions have been obtained that are significantly better 
than those obtained with conventional conical liners 
at the same rotational speed. though still inferior to 
those of nonspinning conical liners, These initial off- 
set ners however were far from perfectly constructed, 
both 1n actual detail. which showed some asymmetry 
in the dies used to form the liners, and in principle, 
in that the average degree of offset impressed was 
not ideal for the given liner shape. Considerable im- 
provement can be expected from future research ef- 
forts along this hne. 


LINEAR Caviry CHARGES 
Linear cavity charges bearing re-entrant, wedge- 


shaped liners may be used to produce linear cuts in 
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the target. The maximum depth of the cut in 
mild steel appears to be about 0.8 charge width. For 
this application, wedges with 45° apex angle appear 
to be completely ineffective. The approximate opti- 
mum conditions for various stand-olfs are as follows: 


Wall Thiekness 
(charge width) 


Stand-off 
(charge widths) 


Best Liner Shape 
and Material 


0-0.3 80° steel 0.02 
0.6 SO? steel 0.05 
1.0 120? steel 0.03 

lee jp S0? aluminum 0.06 


Bevond charge-target distances of about 2 charge 
widths there appears to be no liner that has appre- 
cable penetrating power. 


GENERAL APPLICATIONS 


For autitank. applications, the best shaped-charge 
weapons developed to date have been low-velocity 
projectiles such as the M9.X1 rifle grenade and the 
M6A5 2.36-in. rocket. These projectiles are rather 
small and we may anticipate the development of 
larger shoulder weapons. With the high-velocity T59 
2.36-1n. rocket motor, for example, one could design 
a 3,5-1. shaped-charge head that would still have 
about the same velocity as the present Bazooka and 
would defeat 12-1n. armor. On the other hand, the 
same motor could be used with a head no larger in 
diameter than that of the present Bazooka to give a 
higher veloaty and larger effective range. We may 
anticipate the development of fin-stabilized. shaped- 
charge projectiles fired from recoilless guns with 
velocities in excess of 1,000 fps. We may expect prog- 
ress from the development of special ners compen- 
sated for spin. Even if the effect of spin could be 
neutralized, however, there is probably little пете 
in high-velocity shaped-charge projectiles (of 2,700 
fps or more velocity), since, when high muzzle veloci- 
ties are available, true armor-piercing projectiles 
present a better choice. 

Shaped demolition charges for attacking concrete 
fortifications are available. These аге particularly 
usefnl in preparation for а follow-up attack with 
Bangalore torpedoes or other demolition charges 
placed in the holes. Large rocket-propelled shaped 
charges should be useful weapons for attacking con- 
crete m situations where guns and anticoncrete shell 
are not available. Some progress has been made in 
developing such projectiles. 

The Ordnance Investigation Laboratory has made 
effective use of small linear cutting charges in sec- 





tioning loaded projectiles and opening mines for 
examinaltion.t?:59 


133 General Underwater Penetration by 


Cavity Charges 


The object of underwater tests with shaped charges 
is to hole a steel target throngh an intervening layer 
of water. A direct application is to attack ou sub- 
marines, where one would like to pieree the inner 
hull through the laver of liquid. between the hulls. 
Another application 15 to the attack of capital ships 
by shaped-charge torpedo warheads, where several 
liquid-filled and air-filled bulkheads аге to be per- 
forated. 

For simple experimental tests, 1t is convenient to 
define an underwater range or distance through water 
at which a given charge will perforate steel plate of 
a given thickness in 50 per cent of the trials. The 
Explosives Research Laboratory undertook an exten- 
sive investigation of 1585-11. diameter shaped charges, 
using generally 1-1. mild steel plate but also other 
thicknesses as the target." The Eastern Laboratory 
of the du Pont Company under contract with Divi- 
sion 8 undertook a scaling law investigation with 
steel cones in 3-in. and 6-1n. diameter charges, using 
4-11. plate.” The general discussion that follows 1s 
based mainly upon those two Investigations. 


SXPLOSIVE FILLING AND CHARGE LENGTH 

The effect of charge length upon the underwater 
range is about the same as upon steel target penetra- 
tion in air. Maximum range is attained by a length of 
about 3.0 charge diameters. At 2.4 diameters, the 
range is within 90 per cent of the maximum. tmn- 
crease beyond 3.0 diameters does not increase the 
range, but the greater charge weight will of course 
result in improved general underwater. shock-wave 
effectiveness, 

The pattern of the miderwater blast pressure and 
momentum about a shaped-charge torpedo warhead 
compared with that about a conventional one has 
been investigated. To the sides and rear, the shaped- 
charge warhead gave peak pressures and momenta 
practically the same as those of the conventional 
warhead, despite the smaller charge weight. Ahead, 
these quantities for the shaped-charge warhead fell 
to minimum values, below those of the conventional 
warhead. over a zone about 22159 from the axis. On 
the axis itself, of course, the shaped charge produced 
the intense, penetrating jet, with pressure and mo- 
mentum beyond the range of the measuring instru- 
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ments. Thus, the shaped-charge effect can be incor- 
porated with little loss in general effectiveness, except 
for a minor loss over the region noted. 

With the notable exception of the aluminized ez- 
plosives, the range for an underwater shaped charge 
with different explosives runs more or less parallel 
to the general blast effectiveness. Torpex, which pro- 
general underwater damage than an 
equal weight of Composition D. is not so effective in 
shaped-charge effect. It appears likely 
that the energy released in the reaction of the aln- 
minum is too late to influence the motion of the 
liner leading to jet formation. Therefore Composi- 
tion B is the better filling where shaped-charge effec- 
tiveness is the primary consideration. 


duces greater 


producing а 


AIR SPACE 

Corresponding to stand-off in air, underwater shaped 
charges require some air space beyond the end of the 
charge for the development of maximum jet action. 
The cavity itself must. of course, be kept free of water, 
otherwise the jet action is completely destroyed. 

In а general way, optimum air space for maximum 
range varies with liner shape and liner material much 
as optimum stand-off does for steel target penetration 
in air. The optimnm underwater air space 18, how- 
ever, somewhat shorter than the optimum stand-off 
in air: and for steel cones at least the range continues 
constant, though individnal measnrements show more 
erratic behavior, at air spaces well beyond the opti- 
mum. The optimum air space is therefore in effect 
the shortest air space at which the maximum range Is 
obtained consistently. 

Typical results are shown in Figure 5 for uncon- 
fined 19$-in. diameter cast Pentolite charges (pro- 
tected from the water by cardboard tubes). Addi- 
tional data for 20° and 30° cones, not included in 


Figure 5, indicate that for these liners the optimum 
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AIR SPACE IN CONE OIAMETERS 


Гісове 5. Effect of air space on range, 19£-inch diam- 
eter cones and charges. 


alr space is Zero. One notes the remarkable effect of 
Increased air space on the behavior of the aluminum 
cones. Whereas the optimum air space for 459 steel 
cones 18 abont 0.5 cone diameter, the optimum for 
45° aluminum cones is about 4.5 cone diameters. 
This behavior of course corresponds to the large opti- 
mum air spaces noted for aluminum cones In air. 

There is evidence for supposing that the first few 
inches of water provide stand-off for later parts of 
the jet as well as constituting target material for 
the front of the jet. This evidence is based on experi- 
ments in. which relatively thin lavers of water were 
backed by thick steel targets and the depths of pene- 
tration in the steel observed for different thicknesses 
ОТ mati 


LINER THICKNESS AND SHAPE 

The optimum liner thickness for unconfined charges 
appears to be slightly greater than for steel target 
penetration in air, about 2 per cent of the diameter 
for 45° steel cones. The difference may be due to the 
mild confinement offered by the water itself. For 
charges confined 1n steel, the optimum thickness is 
greater, as observed in the case of steel target pene- 
For confined charges, cone wall thick- 
from those found best for confined 
charges in air would be satisfactory. At any rate, the 
hner thickness does not affect the range critically. 
The optimum cone weight is nearly independent of 
cone angle in the range 45 to 120? ; in other words, 
the optimum //ichness is proportional to the sine of 
half the apex angle. For cones more acute than 45° 
the optimum weight appears to be greater. 
shows the range for various cone angles 
charge diameter and at optimum air space, 
. The charges were unconfined cast 
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FrGunE 6. Range versus cone angle, steel cones, 1°%- 
inch diameter Pentolite charges. 
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0.5 charge diameter air space, 45? cones give the 
ereatest range. 11 charge diameters for 0.31 charge 
diameter mild steel plate. At zero air space, 30? 
cones would be best, but the maximum range would 
be inferior to that of 45° cones at 0.5 charge diameter 
air space. With unlimited air space (2.5 charge diam- 
eters). 60° cones give the greatest range, about 
12.5 charge diameters. As a matter of fact, an even 
slightly better range may be obtained using 45? alu- 
minum cones at 4.5 charge diameters air space. Alu- 
ninum cones appear to be relatively better under 
water than in air. Since limitations of space in prac- 
tical underwater weapons make large air spaces 1m- 
practical, 0.5 charge diameter using 45° steel or 
copper cones appears to be the best condition to aim 
for. Copper shows superiority over steel similar to that 
observed m steel target penetration m air. The range 
of a 45° copper cone at 0.5 charge diameter air space 
is about 30 per cent greater than for a steel cone. 

The adverse effect of a flat base flange covered by 
explosive has been observed in underwater penetra- 
tion as in air. Confined charges should be designed 
with the cone base the full diameter of the charge at 
the place where 1t 1s installed. 


UNDERWATER SCALING Laws 


The underwater shaped-charge effect appears to 
scale linearly, that 1s, if one increases the charge 
dimenslons in à fixed proportion, including diameter, 
length, liner thickness, and air space, and also the 
thickness of the steel target, the distance through 
water at which 50 per cent perforations are obtained 
increases also in the same proportion. A puzzling ex- 
ception has been noted with small-scale charges 
against quite thin steel plate. Using 19$-1n. charges 
and M-in. mild steel plate, all cone angles between 
45 and 1009 gave practically identical performances 
at 0.5 charge diameter air space. This finding was not 
In agreement with results for 3-1n. diameter charges 
against 44-in. plate. 

One cannot assign a definite water equivalent of 
steel as target maternal for the shaped-charge jet. 
This is not surprising since the latter parts of the 
jet that have lower velocity than the forward part 
may penetrate through appreciable thicknesses of 
water and vet ereate pressures in steel well below the 
vield point. If one plots depth in steel versus thick- 
ness of water penetrated, for moderate thicknesses of 
water (great enough to overcome the stand-olf effect 
previously mentioned) 1 in. of water 1s equivalent to 
slightly more than 0.5 in. of steel in defeating the jet 


from a steel cone (less in defeating the jet from an 
aluminum cone). For large thicknesses of water, 
however, the depth in the steel tails off more gradu- 
ally, so that 10 or 12 in. of water in this range may 
be the equivalent of only 1 in. of steel. 


GENERAL APPLICATIONS 

The most immediate general applications of the 
underwater shaped-charge effect are to antisubmarine 
bombs and to torpedo warheads. These developments 
are described in Chapter 3. 

Linear cutting charges appear to be rather ineffec- 
tive under water. The depth of the cut, at best 0.8 
charge width in mild steel, falls off rapidly with m- 
creasing thickness of water between the charge and 
target. Two charge widths of water will almost com- 
pletely dissipate the cutting effect of the best linear 
charge. 


4.3.4 Theory of Jet Formation and 


Target Penetration 
MECHANISM OF JET FORMATION 

The nature of cone collapse and jet formation has 
been made clear through exploitation of the flash 
radiographic technique by J. С. Clark and L. В. 
Seely at the Ballistic Research Laboratory in this 
country and independently by J. L. Tuck in Great 
Britain.“ Flash radiographs of 42 to 1 microsecond 
duration have shown the various stages leading to 
formation of the jet and have given some idea of its 
dimensions. For 94-in. diameter 45° steel cones, for 
example, the jet diameter is the order of only 1 mm. 
Hemispherieal liners have been shown to behave dif- 
ferently, turning inside out Instead of collapsing like 
acute сопеѕ.?% The spreading of the jet under the 
influence of high-speed rotation has also been shown. 

Confirming evidence has been obtained from ех- 
plosive flash photography.®*°? Interpretation of these 
pictures was at first obscured by the presence of an 
opaque shock wave surrounding the jet In air or 1n 
propane when ihe latter was used to quench lumi- 
nosity. When the jet was photographed 1n à vacuum, 
however, pictures similar to those obtained by the 
flash radiographie technique resulted. 

In the light of the flash radiographie evidence, а 
theory of jet formation was developed independently 
by G. Birkhoff in this country and by J. L. Tuck and 
WEE. 


analogy with jet development from converging sheets 


Taylor in Great Britain.’ By drawing an 


of liquid (representing the cone surface under pres- 
sure far above the yield strength), equations were 
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deduced. based on hydrodynamic principles, relating 
the masses going into the high-velocity jet and the 
slug-like residue to the angle at which the walls тесі, 
directly observed in flash radiographs of early stages 
of liner collapse. 

Mass 1n jet 


— — 
= — 


sin* В 
ge — 


Mass mn slug 2 


(1) 


where 8 is the half-angle ineluded between the walls. 
This В is not the same as the original сопе half-angle 
x but is related to it through the ratio of the velocity 
with which the liner is projected froin the explosive 
cavity wall to the detonation velocity of the explosive. 


Velocity of projection sin( 8 — a) (3) 
Velocity of detonation COS & 


Equations were derived also for the relative jet and 
slug velocities. 

If one attempts to deduce the mass in the jet 
merely by subtracting the total slug mass from the 
total mass of the original cone, one will be 1n error; 
since at a late stage 1n cone collapse, at least with un- 
confined charges having the same diameter as the cone 
hase, the slug pinches off from the skirt of the cone, 
leaving an appreciable amount of the latter to frag- 
ment into relatively coarse. slow-moving pieces that 
probably have little penetrating power. Interesting 
experiments to show this process were conducted at 
the Explosives Research Laboratory using explosive 
charges of reduced power.” Several techniques were 
devised for measuring the true contributions of mass 
to the jet from various parts of the cone, of which 
the simplest is to fire presectioned cones into a tank 
of water, recovering and weighing the slug seg- 
ments.***? These measurements turned out to be con- 
sistent with equation (1), at least for the apex halves 
of the cones, in that values of B were deduced that 
agreed reasonably well with the values observed by 
flash radiography, taking into account the difference 
in the scale of the charges. For а 19?$-1n. diameter 
45° steel cone of 0.057-in. wall thickness in an un- 
confined charge, about 50 per cent of the cone’s mass 
goes into the slug and about 20 per cent into ihe 
lugh-velocity jet. 

The lower halves of the cones, according to the slug 
recovery technique, show a rapidly increasing ratio 
of mass in the jet to mass in the slug as one ap- 
proaches the region at which the slug pinches off. 
It is difficult to reconcile this increase with the ideal 
hydrodynamic process represented by equations (1) 
and (2). The flash radiographs show, however, that 


material continues to be pulled from the base of the 
slug for some time after collapse 18 complete. Birkhoff 
has termed this the secondary phase of jet formation 
but has attributed it to squirting from within. the 
slug because of the hydrostatic pressure acting on it. 
Birkhof?s mechanism for tlis effect seems improb- 
able because the pressure 18 certainly not any greater 
than that driving the liner together in the first place. 
It appears possible instead that the slug, under enor- 
mous hydrostatic pressure, is pulled out by tension 
resulting from continuation of the same inertial 
forces that lead to separation of the jet from the slug 
originallv. The appearance of the slug during late 
stages of jet formation 18 strongly reminiscent of 
Bridgman’s metal specimens that have been strained 
by tension while under а hydrostatic pressure of 
25,000 kilograms per square centimeter.'^?* This 
speculation is interesting because the greater ductility 
of copper would then give rise to a greater quantity 
of material drawn into the latter part of the jet 
during this secondary phase of jet formation, thereby 
accounting plausibly for the superiority of copper 
over steel as a cavity charge liner material. 

A weakness of the Tuck-Taylor-Birkhoff ideal hy- 
drodynamie mechanism is that it fails to account 
directly for the well-established velocity gradient 
that exists in the jet. It can be made to do so by an 
assumption concerning the distribution of velocity 
with which the hner 1s projected, but one would 
then like to have a theoretical treatment of this proc- 
ess. It 18 possible, on the other hand, that the so-called 
secondary phase of jet formation contributes more 
heavily to the overall performance than has been 
generally recognized. At any rate, the primary hy- 
drodynamie mechanism 18 essentially correct for de- 
velopment of the leading part of the jet, coming from 
the apex half of the cone. It represents the major 
theoretical advance to date 1n the treatment of cavity 
charge phenomena. 


THEORY or TARGET PENETRATION BY 
SHAPEN-CITARGR JETS 


A theory of target penetration was presented in an 
early report from the [Explosives Research Labora- 
{оту ‘The theory of jet formation also advanced in 
that report was shown subsequently by the flash radio- 
graphic evidence to be wrong, but the theory of target 
penetration, based to a considerable extent upon op- 
tical observations of jet velocities апа penetration 
velocities appears to be essentially correct. 

One assumes that since the pressures developed in 
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the target bv jet action are in general far above the 
yield strengths of common target materials, includ- 
ing steel, the resistance to penetration may be cal- 
culated approximately in the same way as one cal- 
culates the resistance encountered by à fragment m 
passing through a fluid. The resulting equation for 
the velocity of penetration takes the form: 


Case | ки o — ут 
Vv-U) dA | 

Case l i P lu 
mew) @4 

Case [II "n lm 


— — 


where U is the penetration velocity, V the jet velocity. 
m the mass per unit length of the jet, A the jet cross- 
sectional area, and d the target density, depending on 
the motion of the jet particles after striking the tar- 
gct. Case І corresponds to elastice impact, the jet 
particles recoiling with the same momentum they 
had originally but reversed in direction (a more re- 
fined treatment would take account of the forward 
motion of the impact surface). Case II corresponds 
to the situation in which forward momentum of the 
jet particles is annihilated, the particles moving to 
the side. Case ITI corresponds to the situation in which 
the jet particles are slowed down to the same forward 
velocity that is acquired by the target material. It is 
not possible in the present state of our knowledge to 
tell which situation or which cross between situations 
actually exists during target penetration by shaped- 
charge jets. For immediate practical considerations, 
however, the differences are of less importance than 
the general form, which suggests that the penetration 
velocity should depend only on the target density 
and not on its strength. This was confirmed by op- 
tical determinations of penetration velocities through 
various materials ranging from water through lead. 
The depth of penetration also. to a first approxima- 
tion, should depend for a given charge only on the 
inertia of the target, but the hole diameter on the 
other hand should depend on interaction between the 
rale of penetration and the strength of the target. 
It was pointed out, however, that when the process 
of so-called primary penetration was over and the jet 
all consumed, the material in the target would have 
some forward momentum. Plastic flow would therc- 
fore continue until the forces were reduced to about 
the clastic limit. This process, referred to as second- 


ary penetration, would have the effect of deepening 
the hole somewhat. to an extent depending on the 
target^s strength. These ideas were confirmed by direct 
experimental evidence. Thus, while the depth of pene- 
tration by the 19&-1n. diameter MOAT cone charge 
(45°. 0.05 7-1n. wall steel cone) in an all-lead target 
is about 8 in. compared with 5.40 in. in an all-steel 
target, the overall depth in a target consisting of 
2 in. or + in. of lead backed by steel to reduce sec- 
ondary penetration to the same level encountered in 
the all-steel target is actually less (5.37 in. and 4.81 
in. respectively for 2 in. and 4 in. of lead) than in 
the all-steel target. showing the greater resistance to 
primary penetration by the denser lead medium.?? 
Similar experiments gomg in the opposite direction 
were made with aluminum targets. At the same time, 
the hole diameter in lead is many times larger than 
the diameter in steel. The shape of the hole thus has 
no direct connection with the shape of the jet. One 
may actually fire the jet through a small hole (larger, 
of course, than the true jet diameter) in a steel plate 
without enlarging the hole, though the hole that 
would be produced by the jet in passing through a 
similar unholed plate may be considerably larger." 

The jet was assumed to consist of a train of in- 
dependently moving particles covering a certain effec- 
tive cross-sectional area А about the axis but with a 
negative velocity gradient from the tip to the rear. 
This was shown by velocity measurements determined 
optically after the jet had passed through various 
thicknesses of steel. The leading velocity of the jet 
emerging from a given thickness of target decreases 
with mereasing target thickness and is furthermore 
consistent with the supposition that the particular 
part of the Jet Involved had been traveling uniformly 
with that velocity all the wav from the charge. Later 
parts of the jet therefore do no work on the forward 
part of the target, which is opened up independently 
hy preceding parts of the jet. The effect of stand-off 
was explained as dne to the lengthening of the jet 
(decrease in the term т of case 111) resulting from 
the velocity gradient with Increasing distance from 
the charge. At extremely short stand-olfs, the jet 18 In 
a sense inefficient in penetrating the target; momen- 
tum is delivered at a rate too fast for the target to 
be pushed out of the way. Under this condition, more 
of the jet is cousumed in the forward part of the 
target than is necessary and this inefficiency is rc- 
flected in the greater entry diameter of the hole pro- 
duced and also in a slower rate of penetration. As the 
stand-off is increased, the jet becomes more efficient 
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in that the decrease in penetration per unit length ot 
jet is more than compensated for by the increased 
length of the jet. IË this were the only consideration, 
one might expect the depth of penetration to go on 
increasing with increased stand-off (the hole diam- 
eters at the same time decreasing) until the jet den- 
sity became so attenuated by lengthening that the 
rate at Which momentum was delivered per unit cross- 
sectional area (the stagnation pressure) approached 
the vield strength of the target. Since, however, differ- 
ent segments of actual jets are never perfectly coaxial, 
the jet has a tendeuey to spread (one sees indications 
of this in flash radiographs) or increase in effective 
cross-sectional area with increasing distance from the 
‹ the jet less effective, 
and. eventually, the spreading becomes more impor— 
depth of penetration 
passes through a maximum at a stand-off of the order 


charge. This spreading makes 
tant than lengthening, хо the 


of several charge diameters. At larger stand-offs, the 
average depth of penetration decreases but at the same 
(ime becomes more erratic, so that an occasional 
charge. presumably more perfectly aligned than ordi- 
пату. will show an exceptionally good penetration, 
comparing favorably with the average obtained at the 
shorter so-called optimum stand-off. 

By assuming a “reasonable” value for the ratio 
m/A (e.g.. 1 to 2 g per cubic centimeter for the MOAT 
jet at moderate stand-off), one may arrive, by solect- 
ing one of cases Т to HIT, at calculated values for the 
rates of penetration through various target materials 
in quite good agreement with the observed values. For 
a more quantitative treatment, however, detailed in- 
formation couceruing the jet structure is needed, in 
particular the cross-sectional area. and linear mass 
distribution of the jet. Some effort to determine the 
latter quantity was made through jet momentum and 
kinetic energy measurements? but the interpretation 
of these quantities is uncertain due to the fact that 
unknown quautities of momentum and energy are lost 
through material blown out of the hole. The total 
momentum and kinetic energy of the 155-1. diameter 
MOAT cone charge appear to be about 2.82€ 10" g per 
centimeter per second aud 10,400 calories respectively, 
but the way in which these quantities are distributed 
among the various parts of the jet is not easily de- 
termined. The jet diameter could, in principle, be de- 
termined by flash radiography but the resolution ts 
at present not fine enough for the measurements to be 
other than rough estimates of the order of maguitude. 
In the absence of experimental methods for determin- 
ing accurately these two essential properties of the Jet, 


efforts to develop a quantitative theory of target pene- 
tration were abandoued though the present qualita- 
tive theory appears to account in a simple way for 
the various penetration phenomena that have been 
observed. 


Jer VELOCITIES AND PENETRATION VELOCITIES 


Shaped-charge jet velocities and penetration veloc- 
ities through various target materials have been meas- 
nred with the rotating drum eamera. The leading vel- 
ocity for the jet (actually the velocity of the lumi- 
nous shock wave created in air by the jet) from a 
198-1. diameter 45° steel cone is of the order of 7,500 
mps using a Pentohte or a Composition В charge. 
The velocity decreases with Increasing liner mass and 
appears to be mdependent of the particular metal 
constituting the liner. For given liner mass, it de- 
creases also with increasing cone apex angle. The 
velocity is atonishingly persistent in air, remaining 
practically constant out to at least 10 charge diam- 
eters from the charge. 

As mentioned previously, the jet velocity shows a 
negative gradient from the tip to the rear, shown by 
determining the leading velocity after penetrating 
through various thicknesses of target. The following 
approximate values are representative for 158-01. 
diameter МЭАТ cone charges at 6-1n. stand-off. 


Thickness of Steel 
Penetrated (in.) 


Leading Velocity Emerging 
from the Target (m/sec) 


0 7,700 
1 6,400 
2 4,800 
3,300 


This сопе will penetrate normally through about 
5 in. of mild steel. The slowest part of the jet con- 
sists of the slug, which for the M9À1 cone (25 g 
without flange) weighs about 15 е and probably has 
a velocity of about 400 mops. The slug velocity 
cannot be measured by optical methods but it may 
he inferred from flash radiography. The slug evidently 
contributes nothing to the penetrating power of the 
jet, but it is considered to be a formidable secondary 
projectile in its own right if it can get through the 
hole in the target. 

The penetration velocity for a given jet, as men- 
tioned previously, is a function of the target density. 
For the 1°4-in. diameter M9A1 cone at stand-offs not 
less than the optimum for depth of penetration, the 
average rate of penetration through the first inch or 
two of mild steel is about 2,500 mps. 


CONTIDENTINGS 4 
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SHAPED DETONATION WAVES 

There has naturally been much speculation whether 
the cavity effect can be improved by tailoring the 
shape of the detonation wave to fit the liner more 
perfectly. The first concrete suggestion for accom- 
phishing such an adjustment m wave shape appears 
to have been made by H. J. Poole in Great Britain.®* 
Пе proposed using a core of low-velocity explosive sur- 
rounded by a shell of high-velocity explosive, adjust- 
ing the shape of the boundary between them to obtain 
any desired wave shape. By using a simple cylindrical 
core and shell, a cone-shaped wave may be produced in 
the core. With a cast TNT core and a east Pentolite 
shell, improvement of the order of 15 per cent over 
straight Pentohte was actually obtained with a num- 
ber of types of small-scale cavity charges both 1n steel 
target penetration 1n air and in underwater range.?? 
The effect proved to be rather temperamental when 
applied in certam actual weapons,*^ though 1n no case 
was the performance inferior to that of an all-Pento- 
lite charge. Improvement was observed also using an 
inert wooden core in a Pentolite surround, terminat- 
ing the core a short distance above the cone apex so 
that the cone would be completely covered by explo- 
sive. In this case, the wave shape was modified pre- 
sumably by peripheral initiation of the explosive near 
the cone. A further improvement in performance, 
additive to that produced by the core, was observed 
on reheving the confinement towards the base of the 
charge. The reason for this effect 1s not known, but 
charges were prepared having both TNT cores and 
reheved confinement that gave depths of penetration 
as much as 30 per cent above normal. 

Further experiments have been made using Baratol 
cores and Composition В surrounds. The greater 
difference in detonation rates permits one to modity 
the wave shape more drastically. Improvement over 
straight Composition B was actually observed, but 
the advantage was rather small. The low power of 
Daratol no doubt neutralizes most of the advantage 
obtained from shaping the detonation wave. We need 
for this purpose a high-powered explosive having a low 
detonation rate. Many interesting phenomena were 
observed in the Baratol-cored charges through which 
an acute cone-shaped detonation wave was propagated. 
Under certain conditions, an intense Mach wave ap- 
peared in the center of the core that resulted in amaz- 
ingly deep central pits when the flat-ended charges 
were fired resting on steel plates in the standard plate- 
denting brisance test. Related studies of Mach effects 
in air are described in an early report.?* 


+83 Fuzing of Shaped-Charge Weapons 


The fuzing of shaped-charge projectiles at moder- 
ate to high striking velocities raises a problem because 
of the requirement of preserving stand-off. At low 
striking velocity, such as the 270 fps attained by the 
МбАЗ 2.56-1п. HEAT rocket, fuzing may be success- 
fully accomplished by means of а sensitive base- 
detonating fuze, though even here one must be careful. 
At higher velocities, the problem is more difficult to 
solve with a base fuze. The early T20 models of the 
o¢-mm HEAT shell at 1.200 fps were giving no pene- 
tration at all, the shell crushing all the wav back until 
the mam charge was initiated by impact before the 
194 base-detonating fuze functioned. The M67 105- 
nuu HEAT shell equipped with the standard M62 BD 
fuze has been shown by high-speed photography at the 
Ballistic Research Laboratory to be firing at little 
better than zero stand-off, the ogive crushing almost 
through 115 entire length before deceleration is suff- 
cient to activate the fuze. In this case, the loss in 
stand-off does no particular injury to the performance, 
which is impaired more seriously by the spin of the 
shell. 

Oue may reduce fuze delay to à minimum by using 
à point-initiating fuze. Such a fuze has the advantage 
that the functioning time 15 a property of the fuze 
and not of deceleration of the entire projectile. For 
shaped-charge applications, one requires a fast method 
of transferring the nutiating impulse from the nose 
to the base, since it is essential for the development 
of the cavity effect that the main charge be initiated 
from the end opposite the cavity. At the same time 
one must avoid as much as possible introducing mate- 
rial on the axis of the charge in the path of the main 
jet. Within the cavity, any obstacle whatever close 
to the axis will destroy the cavity effect almost com- 
pletely. Even ahead of the cavity, however, an obstacle 
such as a long firmg pin, common in many types of 
point-initiating fuzes, will serve as so much added 
thickness of target material. The fact that the pin is 
slender makes little difference because as seen from 
flash radiographic evidence, the jet is even finer, and 
to the jet, the pm therefore presents an obstacle as 
formidable as a plate of metal as deep as the pin 18 


long. 


SHAPED-CHARGE "PIT-DACK FUZE 

With these considerations in mind, Division $8 ap- 
plied considerable energy to developing the principles 
of point-initiation of shaped-charge projectiles by 
means of a mimatnre shaped-charge element in the 





SHAPED CHARGES 8l 
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nose which would fire back down an axial flash-tube to а 
tetrvl booster at the base of the projectile.?* This re- 
search led to the development by Picatinny Arsenal 
of the service fuze, PI, M90, standard in the M307 
57 mm HEAT shell. This fuze bears a one-piece so 
called auxiliary detonator cup made of aluminum 
having a re-entrant 0.014-in. wall 80° cone in the 
base. The diameter is 3% in. and the unit is loaded 
with 2.1 g of pressed 50/50 Pentolite. To eliminate 
the need for a firing pin, the fuze is initiated by means 
of a percussion-sensitive detonator in the nose, flash- 
img down a short hollow tube to the main detonator 
housed in the arming rotor. This method of initiation, 
however, is not sensitive to ground impact. The Brit- 
ish No. 233 fuze is based on similar principles. 

The miniature shaped-charge element develops a 
jet with a velocity of the order of 7,000 m per second. 
There is negligible delay (of the order of 1 micro- 
second) in the initiation of tetryl eight inches or more 
away when struck by the jet. The estimated overall 
functioning tine of this type of fuze m a small pro- 
jectile, the size of the 57-mm shell, is about 50 micro- 
seconds. The presence of the axial flash tube running 
back through the main charge does not impair the 
depth of penetration in any way. In fact, with hemi- 
spherical steel liners, the depth of penetration 18 re- 
markably improved by the presence of the tube, for 
reasons that are by no means clear. There 1s, however, 
a reduction in hole diameter over the first caliber or 
so of penetration in steel plate that is associated with 
the presence of the tube. For this reason, the spit-back 
principle cannot be readily applied where a large-hole 
entry diameter is essential, such as in small follow- 
through projectiles. 

A fairly successful shaped-charge rocket fuze, T- 
2000, for nonspinning rounds, was developed, though 
never adopted for Service use, by minor modifications 
of the Service plastic-bodied M52B1 trench mortar 
fuze. The conventional booster cup was replaced by 
the miniature shaped-charge unit and the firing рїї 
was replaced by a plastic adapter holding one of the 
percussion detonators used in the M90 fuze. The 
M52B1 body was not ideal for the purpose, but it did 
contain approved setback arming elements. The orig- 
inal 114-in. metal firing pin, lf retained to ensure 
functioning on ground impact. seriously impaired the 
depth of penetration, as expected. Some experimental 
work was done in collaboration with Allegany Bal- 
listics Laboratory on a plastic firing pin for this fuze, 
suitable if it could be made to 
impact as well as against plate, 


which seemed to be 
function on ground 


for the 2.56-in. high-velocity rocket grenade, T59. 
The results were not particularly encouraging because 
of mechanical weaknesses of the pins, but a successful 
fuze could no doubt be developed by following up this 
line of investigation. The low-density plastic offers con- 
siderably less resistance to the jet than does a metal pm. 

The shaped-charge spit-back method of initiation 
has also been applied to the fuzing of experimental 
1,000-Ib shaped-charge bombs fired statically. The 
unit was 1 in. m diameter and fired down а 2-11. 
ID flash tube to initiate the booster about 48 in. 
away. The Service AN-M103 bomb nose fuze was 
adapted for the purpose simply by substituting the 
spit-back element in place of the conventional booster 
cup, but a less massive body and firmg pin would be 
hetter suited to the purpose. 


ELECTROMAGNETIC Impact FUZE 


An electric impulse may be generated on impact by 
driving a magnet m the nose through a surrounding 
coil. ‘This Impulse is easily led by wires to an electric 
detonator at the base of the projectile. The German 
fuze, 466, 1s based on this principle, though not ap- 
plied to shaped-charge rounds. Division 8 at the re- 
quest of N DRC Division 3 participated in designing 
and testing à shaped-charge head for the high-veloc- 
ity T59 2.56-1n. rocket fuzed with an electromagnetic 
impact fuze, T2003, to be developed by the Bell Tele- 
phone Laboratories under contraet with Division 3. 

The original work on this method of initiation for 
shaped-charge projectiles was carried on by the Frank- 
ford Arsenal (Fuze P16E1). The Bell Telephone Lab- 
oratories added engineering refinements to make the 
unit suitable for production and assembly in large 
quantities. 

The magnet in the nose is a hollow cylinder, pro- 
viding a hole 0.70 in. in diameter for the jet to shoot 
through. This leaves the entire axial region ahead of 
the main charge clear of obstructions. The wires are 
led back through crimps in the edge of the cone base. 
To ensure functioning on ground impact, a secondary 
relatively slow inertia-activated detonator mechanism 
is located in the base, on the theory that against plate 
the electrically activated detonator will function first. 

Preliminary tests of the complete round, which has 
a velocity of about 385 fps, gave inferior results that 
were traced to the presence of excess sealing com- 
pound on the cone around the regions where the wires 
passed through. Subsequent tests with the sealing 
compound removed gave excellent results. The depths 
of penetration at normal incidence exceeded 8-1. in 
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homogeneous armor using 2.118-1n. diameter 45° 
copper cones. This performance was equivalent to 
that produced by static charges fired at 3-in. stand-off 
in the entire absence of the fuze mechanisms in the 
noses. The projectiles performed satisfactorily also at 
30° and even at 45° incidence. The indicated fuze 
functioning time was about 60 microseconds, repre- 
senting an ogive collapse of less than V5 in. before 
detonation. 


This development was unfortunately started too 
late to be of any use during the war. The principle 
is however of considerable value, since it may be read- 
ily adapted to weapons of other sizes, including also 
certain nonshaped-charge projectiles where there is an 
advantage in a fast point-initiating base-detonating 
fuze system. 


‘The complete project is described in а joint Division 3, 
Division 8, and Bell Telephone Laboratories Керогё. 87 





Chapter 5 


THE THEORY OF THE DETONATION PROCESS" 


Ба WORK DONE by various Division 8 contractors 
greatly strengthened the evidence for the validity 
of the thermodynamie-hvdrodynamie theory of the 
propagation of one-dimensional detonation waves 
through solid as well as gaseous explosives. This 
theory, which origmated with Rankine, Hugoniot, 
Chapman, and Jouguet, is based on the assumption 
that at the point where detonation takes place there 
is conservation of matter and energy and that the 
equation of motion of mechanies apphes there. These 
three almost self-evident assumptions must be supple- 
mented by one additional condition about which there 
has been a great deal of dispute and discussion, that 
the detonation velocity will be the minimum permitted 
by the above conditions. In order to apply these simple 
principles to any actual ease, 1t is necessary to have 
information about the equation of state of the prod- 
ucts of the explosion as well as a knowledge of the 
energy as a function of pressure and volume. 

The work under Division 8 involved an extension of 
previous efforts to apply these equations because more 
elaborate equations of state were employed and the 
question of the effect of shifting chemical equilibria 
was explored. The overall results were sufficiently sue- 
cessful, 1.е., they agreed sufficiently well with experi- 
mental measurements of the detonation velocities of 
a wide variety of solid explosives over a range of load- 
ing densities, so that considerable confidence in the 
soundness of the basic theory now exists. The signifi- 
cance of this result from a practical viewpoint is that 
it permits the calculation of the detonation velocities 
of hitherto unmeasured explosives if the chemical 
composition and the heat of combustion of the mate- 
rial is known. Furthermore, it shows quite conclusively 
that the detonation velocity is not a mysterious quan- 
tity to be endowed with undue signifieanee, since the 
theory clearly relates it to the thermochemical prop- 
erties of the detonation products. 

A by-product of these investigations is an estimate 
of the pressure, temperature, and density of the prod- 
ucts of detonation immediately behind the detonation 
front within a solid explosive. These estimates have 
proved very useful ın later work in which the prop- 


This section 15 based on a summary prepared by S. К. 
Brinkley, Jr. 


erties of shock waves in air and water from high ex- 
plosives were calculated. 

The equation of state wlich seemed to work the 
best. although designed for a higher pressure region, 
was not in conflict with that successfully used by 
others for the lower pressure region involved In pro- 
pellent powders. 

The work summarized in tlie preceding paragraphs 
began with the preparation of a review of the litera- 
ture of the past sixty vears on hydrodynamic and 
thermodynamie theory as applied to detonation aud 
shock waves.” Since this review was never issued as 
a report but was iustead circulated im mimeographed 
form to the group directly interested, its contents are 
described in some detail in the paragraphs immedi- 
ately following. 

The review begins with a qualitative discussion of 
the building up of a discontinuous shock front. Then 
the Riemann formulation of the equations of hydro- 
dynamics is Introduced." These equations constitute 
a statement of the equations of motion and continuity, 
and, for the plane ease with adiabatic flow, they may 
be wntten 
dr 
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where / is the time. м the (ае) coordinate of dis- 
tance, м the particle velocity, р the density, and p 
the pressure; c is the velocity of small amplitude 
sound waves. The Riemann function o, defined by 


р ( 
И) = / — (2) 
J p(po) М 


may be increased bv an arbitrary constant. Simce the 


"his literature survey by G. B. Kistiakowsky and E. В. 
Wilson, Jr., is referred to in subsequent reports as Hydro- 
dynamic Theory of Detonation. Part I. A Literature Survey. 
The succeeding parts of the report on Hydrodynamic Theory of 
Detonation have been issued. 
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pressure and density are connected by the adiabatic 
law, the Riemann function may be considered a func- 
tion of either the pressure or the density. From the 
equations (1) it is evident that r 1s constant along 
lines, called characteristics, in the x- plane such that 


Saute (r lines), (3) 


and that s is constant along lines im the s-/ plane 
such that 
— u— c (slimes). (4) 
di 
The lines have the following useful properties. 

1. There is a line of each type through each point 
in the v-t plane. 

2. If the values of s and r on the lines passing 
through a given point are known (as, for example, 
the generating surface) then wand о are known there. 
Then p and p can be found from equation (2). 

3. If lines of a given kind having different values 
of r (or s) meet in a point, there is a discontinuity 
1n u.p at that point. 

4. ТЇ in a given region s has the same value along 
adjacent s lines, the r lines are straight 1n that region. 

5. Similarly, if r has the same value along adjacent 
r lines in a given region, the s lines are straight in 
that region. 

6. For a perfect gas, at least, the curvature of an r 
or an s line is positive if и increases along the line. 

In the report under review, the properties enumer- 
ated are employed 1n a discussion of the building up 
of the discontinuous shock or detonation front. 

A shock wave is produced by the acceleration of 
some generating surface. A detonation wave is self- 
maintained through the energy received from the 
chemical reaction of the explosive. 

The equations for the conservation of mass, mo- 
mentum, and total energy have been employed by 
Rankine? and Hugoniot? mm the formulation of three 
conditions relating the pressure p,, specific volume 
r,, aud particle velocity u, of the medium behind the 
moving discontinuity to the velocity D of the discon- 
ілу and the pressure р,, specific volume v,, and 
particle velocity u, of the undisturbed medium in 
advance of the discontinuity. 


D= u, + 9 


и = U, -|- V (fs — Pı) (vı — V2), 
E, — E, = 4( p2 + PN =). 


where Ж» — Û, is the difference in specific energy con- 


ро — hi 
(5) 


ient of the material behind the front and the undis- 
turbed medium in advance of it. This quantity can 
be calculated by the thermodynamic relation 


В.в. Ll["onua[^ dv, (6 
27 — Гу s „£ + Y v, (6) 


where Q is the heat (absorbed) of reaction at con- 
stant volume per M grams of reactant at the initial 
temperature 7,, and C,* 1s the constant volume heat 
capacity of M grams of products, gaseous products 
being considered in the ideal gas state; 7',, the tem- 
perature of the detonation front, 1s related to p, and 
v, by an equation of state 


p= (1,2). (7) 
Tn the ease of shock waves, where there is no chemical 
reaction, equation (6) may be employed with Q = 0. 
The first of equations (5), together with equations 
(6) and (7), defines a curve in the p,.r,-plane for 
specified values of p, aud v,. With an additional re- 
lation between p, and t, these quantities may be de- 
termined, and the detonation velocity and particle 
velocity behind the detonation front are determined 
by the first two of equations (5). 
Chapman‘ and Jouguet? postulated that the detona- 
tion velocity is the minimum velocity compatible with 
the other eonditions, it then being given by 


D = и, + сз, 


D=u, +, | — (22), 

One Js 
D=",.{— др» " 
дю, J, 


Arguments in support of this hypothesis are given 1n 
the reports under review and by Becker® and Scorah.’ 
However, no existing demonstration of the validity 
of this hvpothesis is without theoretical objections, 
апа equation (8) is employed with ad hoc justification 
of its success in interpreting explosion phenomena, 
particularly in the case of gaseous explosions where 
there is no uncertainty as to the form of the equation 
of state. 

If a suitable form for the equation of state (7) 
exists and if the composition of the products of the 
explosion reaction is known or can be determined, 
simultaneous solution of equations (5) to (8) per- 
mits the determination of the detonation velocity and 
of the pressure, specific volume, and temperature of 
the detonation front. Lewis and Friauf® have com- 
pared experimental values of the detonation velocities 





QE 
дь 





(8) 


THE THEORY OF THE DETONATION PROCESS 85 





for the explosiou of oxvgen-hydrogen mixtures, both 
with and without the addition of a third, inert gas, 
with the predictions of theory, employing the ideal 
gas equation of state. When account was taken of 
dissociative equilibria of the product gases, good agree- 
ment between theory aud experiment was obtained. 

A study of the calculation of detonation velocities 
for solid explosives has been made by Schmidt.” These 
calculations are subject to three criticisins. The 
Abel equation of state, 


(9) 


was employed. in which the covolume b is assumed to 
be a constant and Æ is the gas constant for M grams 
of gas. Using observed detonation velocities for the 
evaluation of 0, it was found experimentally that 0 
depended significantly on the density of the gases, 
а fact which was not taken into account in the deriva- 
tion of the theoretical equations for the acoustical and 
detonation velocities. The analysis of the explosion 
products in bombs at low density was used for the 
calculation of the composition of the detonation prod- 
uets, a procedure of questionable validity, because it 
is very likely that the several gaseous equilibria in- 
volved are frozen because of too slow reaction rates at 
uncertain and variable stages of the expansion. Finally 
а less general energy equation than (6) was employed. 

The survey of the literature which has just been 
reviewed was followed by à report on the calculation 
of the velocity of detonation of solid explosives." For 
this purpose a modification of the semiempirical equa- 
tion of state of Becker was used. This equation of 
state has been shown to reproduce satisfactorily 
Bridgman’s data for the behavior of nitrogen at room 
temperature and at densities as high as 1.2 g per ce. 
Omitting low temperature terms and adopting a Tê 
dependence of the covolume on temperature, the 
equation of state was written 


p(vM — b) = нт, 


Priv = THÁI — eae 


k 
T*Mv? 


(10) 
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where / #815 equivalent to the van der Waals covoliune 
in the limit of low densities. The composition of the 
explosion products was approximated by the rule that 
in listing the products oxygen is considered to react 
first with carbon to form carbon monoxide, additional 
oxygen reacts with hydrogen to form water, and the 
remaining oxygen, if any, reacts with carbon monox- 
ide with the formation of carbon dioxide. It was 


shown that the calculated detonation velocity of tlie 
usual organic explosives is insensitive to the compo- 
sition of products, and the results of rough equilib- 
rum calculations justifying the neglect. of dissocia- 
tive equilibria were presented. Experimental values of 
the detonation velocity were emploved to caleulate 
the covolime constant | for а series of explosives, 
The resulting valnes of & showed an overall depend- 
ence on density of 15 to 20%, an effect too great to 
be attributed to differences in composition of the ex- 
plosion products at high and low loading densities. 

The final report’! of the series under consideration 
continues the development of methods for the calen- 
lation of velocities of detonation of solid explosives 
and contains a discussion of plane shock waves in air 
and water and a description of rarefaction and reflec- 
tion phenomena. 

The more general equation of state, 

pill = nf T (1+ vef") 
| (11) 

T*3Mv 
was employed, in which the coefficient 8 was included 
in the exponential term to secure constancy of the 
covolume constant b with respect to density of the 
gases, and in which a 7~* dependence of the eovolume 
upon temperature was adopted. By trial, the value 0.3 
was adopted for the parameter 8. The vule for the 
composition of the products of explosion which was 
previously proposed was employed. A computational 
procedure was devised in which “ideal” valnes of the 
detonation velocity and temperature were calculated 
ou the assuniption that the product gases obeyed the 
ideal gas law. The correction factors resulting from 
the introduction of the equation of state (11) for the 
real gases could then be tabulated as functions of the 
heat capacity of the product gases, considered ideal, 
and the argument, 


ph 


y 
TAM C = 


Ti 
where p, is the density of the intact explosive. The 
published tables contain a systematic numerical error 
which, although to some extent self-compensating, 
largely invalidates the values of the covolume con- 
stants evaluated by the use of experimental values 
of the detonation velocity. It should be noted that 


‘This reference contains all the purely theoretical material 
of the earlier reports by the same authors. In particular, it 
supersedes the discussion of plane shock waves in air and 
water presented by them m reference 12. 
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the edition of the tables employed in the evaluation 
of B did not contain the systematic error. 

The report concludes with a discussion of shock 
and rarefaction waves based upon the Riemann formu- 
lation of the equation of hydrodynamics. The hay- 
leigh! solution of the Riemann equations for a simple 
progressive wave is given, In this case, the Niemann s 
іх constant over a region and the » lines are therefore 
straight. Then 


u = flx — (u+c)é], (13) 


where f is an arbitrary function determined by the 
boundary conditions at the generating surface and the 
Rankine-Hugonrot conditions, equations (5), which 
are supernumerary boundary conditions which must 
be satished at the shock front. 

Rarefaction waves are considered, and it is shown 
that in the case of rarefaction no discontinuity can 
occur. A qualitative description of the profile of а 
plane detonation wave is given, and it 1s shown that 
the detonation wave is followed by an advancing 
rarefaction wave. ‘Tables of the peak values of the 
temperature, pressure, density, and shock wave veloc- 
itv as functions of the peak value of the particle veloc- 
itv for shock waves In air and water are presented. 
These are constructed with the aid of the Rankine- 
Hugoniot conditions, equations (5), and in the case 
of air, the values were taken from a report by Bethe 
ee Ор тете 

Following a discussion of reflection phenomena at 
houndaries, a method is developed for the calculation 
of the initial shock wave velocity for a shock wave 
initiated by a plane detonation wave. It is shown that 
the Riemann » must be constant across the boundary 
between explosion products and exterior medium. 
This constant becomes half of the particle velocity 
of the explosion products immediately behind the det- 
front if the Riemann œ function the 


onation for 


exterior medium is defined as 
p 


к 
о) 7 dp, 


уко 


(1@) 


where p, Is the density of the gases behind. the det- 
onation front. Then 

U, == — wt Uy, , (15) 
where u, is the initial particle velocity in the exterior 
medium апа и, is the particle velocity behind the 
detonation front. Since o may be considered a func- 
tion of p only, the mmtial shock pressure may be de- 
termined and the initial shock velocity follows from 
the Rankine-Hngoniot equations (5). A sample cal- 


culation is given for shock waves in air, employing the 
equation of state (11) for the explosion products and 
the ideal gas adiabatic equation of state for air. Nu- 
merical results are given for PETN and Tetrvl, each 
at two loading densities. The calculated values of the 
initial shock wave velocity are in good agreement with 
experiment. 

An extension of the procedure for calculating (he 
velocities of detonation of solid explosives to include 
those explosives which yield solid carbon as a reaction 
product has been accomplished by the assumptions 
that the volumes of solid and gas are additive, that 
the gas obevs the equation of state (11). and that the 
solid has zero coefficients of thermal expansion. and 


"Phe composition of the reaction 


basic compression, 
products is assumed to be that for chemical equilib- 
rium at the temperature and pressure. mnnediately 
behind the detonation wave, and a numerical proce- 
dure, involving successive approximations, 1х developed 
for the determination of this composition from а 
consideration of the equilibria in- 
volved. On the basis of an assumed composition, a 
is found on the 


simultaneous 


value of the “ideal” temperature 7,* 
assumption that product gases are ideal. The correc- 
tion factor 7,/T,* aud the quantity 25, defined by 


k 
* A... — 


i 


(ry and y are the specific volume and weight. frac- 
tion respectively of solid C) are tabulated as functions 
of y*. the ratio of the heat capacities of the explosion 
products, gases being considered ideal, and the argu- 
ment, 

pl 


Д وڪ‎ XE 3 1% 
E TM(1-— prs) ? id 


The specific volume of the explosion. products behind 
the detonation front is determined by equation (16), 
and the pressure is then determined by the eqnation of 
state. These values of the state variables are then em- 
ployed in a determination of the equilibrium conirposi- 
tion of the explosion products by ordinary thermody- 
namic methods. The resulting composition is employed 
in a new determination of the pressure, temperature, 
and specific volume behind the detonation front, and 
the cyclical computational process is continued until 
successive approximations to the composition aud the 
state variables are identical to some desired degree of 
precision. An “ideal” value of the detonation velocity 
D* is then found on the assumption that product gases 
are ideal, and the correction factor D/D* 1s obtained 
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[тош a (able of the quantity as a function of the argu- 
ments y* and wy. The particle velocity may then. be 
evaluated from the second of the Rankine-Hugomot 
conditions. equations (9). 

As а consequence of the determinations of the com- 
position at equilibrium of the products of the explo- 
sion reaction, It is shown that a good approximation to 
the composition is afforded by the following conven- 
tional scheme. In listing the prodnets of the reaction. 
it is assumed that oxvgen reacts first with hydrogen 
with the quantitative formation of water, the remaiming 
oxygen reacts with carbon to form carbon monoxide, 
reacts with carbon 


and additional oxygen. if 


monoxide to form carbon dioxide. The conventional 


any, 


decomposition scheme suggested by Ivistiakowsky and 
Wilson resulted from a consideration. of the water- 
eas equilibvinm in which the effect of the nonideality 
of the gases was not included. The effect of gas imper— 
fections 1х to reverse this equilibrinm completely, thus 


giving rise to the conventional decomposition scheme 
outlined above. The detonation velocity 13 msenaitive 
to the composition of the explosion products. and cal- 
culations based upon the conventional decomposition 
scheme differ little the much 
calculations Which include the determination of the 


from more elaborate 
ефт) composition. 

The covolume coustants were determined from ex- 
perimental values of the detonation velocities of sc- 
lected explosives bv an extensive series of successive 
approximations which are outlined in the report under 
review. The final values of the constants for the mn- 
dividual gas species are closely proportional to the 
high temperature values of the van der Waals b as 
evaluated by Hirschfelder. MeClure, and Curtiss." 

The computational methods described in reference 
16 have been apphed to the calculation of velocity of 
detonation. and temperature, density, and pressure 
of the detonation wave front for sixteen organic ex- 
plosives." Comparisons of the calenlated velocities of 
detonation with experimental values were possible 
with twelve of the explosives. Agreement was satis- 
factory for seven of the explosives: with five of the 
explosives the calculated valnes were lower than the 
experimental values. These five explosives have Ingh 
detonation rates and relatively high oxygen contents. 

In some as yet unpublished work at the Explosives 
research Laboratory!? a simplified calculation of the 
velocities of detonation of solid ovganic explosives has 
led to better agreement with experimental values than 
have the more elaborate calculations just described. 
In the simplified caleulation the equation of state 


(11). with a single covolume constant per unit mass 
of gaseous explosion product, was employed. The con- 
ventional decomposition scheme, suggested by Brink- 
lev and Wilson, which leads to quantitative formation 
of water, was employed to estimate the composition 
of the products. The covolume constant was evaluated 
by use of expermental values of the detonation ve- 
locity of oxygen-rich explosives. The specifie volume 
of solid. carbon was treated as an adjustable para- 
meter and its value was determined by the use of ex- 
perimental values of the detonation velocity of oxvgen 
deficient explosives. The best fit between theory and 
experiment ts obtained with a covolnme constant of 
12.7 per gram of gaseous product and with a value 
of 0.540 ce per gram for the specific volume of carbon. 
With these parameters, calculated and observed. det- 
onation velocities are in. good agreement, i.e., better 
than 6%. The agreement would have been consider- 
ably improved, if nitroguanidine, an explosive with 
exceptionally low detonation temperature, had been 
eiven less weight in the least squaring process em- 
ployed for the determination of the covolume con- 
stant. 

By 1946, the best expermental values of the det- 
onation velocity had become somewhat different from 
the earher values employed by Boggs and Martin, 
and this would result in a somewhat different value 
of the covolume constant. А small vesidnal variation 
ıı the covolume constant with density of explosive 
sugeests that the parameter of the equation of state 
(11) should be re-evaluated. It is felt that the use 
of a T= dependence of the covolume on tempera- 
ture, which re-evaluation of 
both the covolume constant and В. would improve 


would necessitate the 
the agreement between theory and experiment for 
cold explosives without sacrificing the excellent agree- 
ment obtained by Boggs and Martin for the explo- 
sives with higher detonation temperatures, 
Calenlations of 
made and are presented 1n. references 20 and 21. 


detonation pressures have been 

In the former report the pressure inside aerial 
bombs at the instant of explosion has been calculated 
for several fillmgs, namely, Composition B, 50/50 
Amatol, 60/40 Amatol, 50/50 Amatex. 60/40 Ama- 
tex, aud ТАТ at certain зба densities reported as 
used in practice. Composition В gave about 20% 
higher values than Amatol and Amatex, which were 
nearly the same, while the TNT was about 15% lower 
than the Amatol-Amatex group. The TNT result 
would have been somewhat higher if its density had 
been nearer the others. 
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The above results, as well as the initial tempera- 
ture, density, composition, and the calculated detona- 
tion velocity, were obtained from the hydrodynamic- 
thermodynamic theory previously described? and 
represent values right behind the detonation wave 
front. The same order apphes to the values obtained 
on the assumption of an adiabatic constant volume 
explosion. An outline of both caleulations 1х included. 
In the one the quantities calculated are those which 
occur Just behind the detonation front as it travels 
down the length of the bomb. In the other, it is as- 
sumed that the pressure throughout the bomb has 
been equalized without loss of energy or expansion. 

In the latter report the pressure immediately bc- 
hind the detonation wave front, the detonation ve- 
locity, and the pressure of adiabatic constant volume 
explosion have been calculated for several service ex- 
plosives at loading densities reported to be employed 
in aerial bombs. An estimate has been obtained of the 
maximum available work of each explosive. The calcu- 
lations of the properties of the adiabatic constant 
volume explosion state assume that the pressure is 
equalized throughout the bomb without loss of energy 
or expansion. 

Composition В gives significantly higher values of 


cach of the above quantities than I£dnatol, Amatol, 
Amatex, and TNT. Phe order of the other explosives 
is dependent on the loadmg density of the different 
fillings. When compared at the same loading density 
in terms of adiabatic constant volume explosion pres- 
sure or of the maximum available work, the order is 
5dnatol, 60/40 Amatex, 50/50 Amatex, TNT, 50/50 
Amatol, 60/40 Amatol. This order may be changed 
by a variation of a few hundredths in the loading 
density. The loading density seems to be more impor— 
tant than the type of filling with the Amatols, Ama- 
texes, and ТМТ, as far as the adiabatic constant vol- 
ume explosion state is concerned. 

It is further shown that surrounds of TNT equal 
to 7% of the total explosive have a negligible effect 
on the adiabatic constant volume explosion pressure 
of 50/50 Amatol or 50/50 Amatex. 

In addition to the work described in the preceding 
pages, Division 8" also supported investigations of 
related problems: the theory of detonation waves? and 
a theoretical study of the mmtiation and propagation 


of detonation waves,??:?* 


dThe final report on this work as a Division 8 project and 
the report on its continuation as a direct project of the Bureau 


of Ordnance make up a BuOrd report which has not been 
issued as of the closing date of this summary. 


Chapter O 


PROPELLANTS 


T WORK ON PROPELLANTS in Division 8 did not 
eet under way until sometime later than the work 
on high explosives, and at the termination of the ac- 
tivities of the Division a larger part of its effort was 
being spent on propellants than on high explosives. 
One large portion of the work on propellants сап be 
outlined in the following terms. Double-base powder 
has excellent mechanical properties and is smokeless. 
It has. however, two serious difficulties in terms of 
the requirements of modern war. The ballistic prop- 
erties Vary considerably with change m temperature, 
and it is not possible by solvent or solventless extru- 
sion to prepare grains of large diameter, for example, 
S inches or more. Division 8 undertook to develop 
propellants which would not be subject to these two 
handicaps. Molded composite propellant (6.2) con- 
sists of a fuel (ammonium picrate) and an oxidant 
(alkali nitrate) held together by a resinous binder, 
А composite propellant can be made In grains of 
laree diameter and its ballistic properties vary only 
slightly with the ambient temperature: it produces 
large amounts of smoke on burning. Cast perchlorate 
propellant (6.4) is a material which can be poured 
into a mold and cured in place. It too offers the pos- 
sibility of preparing very large grains and it too 
produces smoke ou hurning. Solvent extruded com- 
posite propellants (6.3) 
matrix and a filler which is a mixture of fuel and 


consist of а double-base 
oxidant. Their ballistic properties are quite consistent 
over a considerable temperature range : but because of 
the filler they produce smoke and, like other double- 
base powders, there 1x a limit to the grain size. The 
most promising single development in this general 
direction was that of cast double-base powder: grauis 
of double-base powder are treated with an explosive 
solvent: on warming. the grams swell and coalesce 
to a single large grain the size and shape of the mold. 
When this casting process is combined with the use 
of small amounts of solvent-extruded composite pro- 
pellant to govern the burning rate, one has, as a 
result, a powder which combines the desirable fea- 
tures of double base and the composites. 

Iu connection with the propellants described m 
the preceding paragraph theoretical studies were 
made of the mechanism of burning of propellants 
(6.1), and experimental studies of the design and 


coustruction of nozzles for use in motors burning 
these propellants (6.6). 

Gun propellants, rather than rocket propellants, 
formed the subject of other lines of investigation. 
Flaxhless powder for Navy guns was developed in 
Which the nitroglycerin of the British Cordite N 
formula was replaced by the explosive plasticizer 
DINA. By incorporating RDN and a deterrent in 
nitrocellulose, a start was made on the development 
of powder for small arms and cannon which would 
either have the same potential as current powder but 
be less erosive or would have higher. potential than 
current powder and be no more erosive. 

A large program of experimental work on double- 
base powder was also carried on. This included. sta- 
bility and surveillance measurements and studies of 
methods of measurement. Methods of analysis of 
powder were developed and studies were made of the 
physical properties of double-base powders as a func- 
tion of their composition. These studies will be found 
described ın detail in Sections 6.9 through 6.14. 


6.1 THE THEORY OF THE BURNING 
OF ROCKET POWDERS: 


6.1.1 Introduction 


With the development of composite propellants 
(see Sections 6.2 aid 6.3) H became desirable to make 
a theoretical study of the burning of these propellants 
in order to gam a better understanding of the reasons 
for their desirable ballistic properties and, ultimately. 
to be able to improve them. Before starting this study, 
however, it was necessary to develop somewhat fur- 
ther the theory of the burning of double-base pow- 
ders, and actually the mai part of this summary will 
deal with this topic. A section at the end will take up 
the composite propellants. The theory is based. very 
largely ou the experimental work of Dr. B. L. Craw- 
ford. Jr., and his associates at the Umyversity of Min- 
nesota. Not only have they performed a beautiful 
series of experiments, both on double-base and com- 
posite propellants, but they have also made many 
suggestions regarding the theory. The preliminary 


“This section is taken from a summary prepared by О. K. 
Rice. 
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calculations оп the theory have beeu presented in a 
except for the last," 
The final results are given in 


sertes of interim reports. these 


Comia SONE errors.'*$ 


references ? and 8, which also coutain more complete 
lists of references than are given heve to the work of 


Crawford and others. 


бак? 


Theory of Burning of Double-Base 
Powders 

Theories heretofore proposed for the buruime of 
propellants may be divided into two general classes. 
The first assumes that heat developed in the reacting 
gas beyond the surface of the powder is conducted 
back to that surface. thus affecting the rate of reac- 
tion at the surface, which is assumed to play an Im- 
portant role in determining the rate of burning. The 
second assumes that the Is deter- 
mined solely by the reactions in the gas phase, con- 


rate of burning 
duction of heat back to the surface playing only a 
secondary role. The first {уре of theory is the mam 
theme of the present summary, but the second, which 
has been developed by Boys and Corner,” has also 
been considered to some extent : iu particular, a proof, 
Which involves no integration of the differential equa- 
tion, and Corner’s proposition 
that the slope of the curve, logarithm of the rate of 
burning against logarithm of the pressure (the pres- 
sure coefficient. an important quantity ballistically), 
Is equal to half the order of the gas-phase reaction 


has been given of Boys 


under the particular assumptions of their theory. 

The burning of the powder appears to oecur in 
three stages, all with evolution of heat. The first stage 
occurs at the surface of. or within, the solid powder 
and resnits in the formation of nnsatnrated fragments 
which are ejeeted into the gas phase normal to the 
surface. In the second stage, these fragments react 
in the gas phase 1n an assumed second-order reaction. 
hese two stages together constitute the fizz burn- 
ing; the gases produced are still capable of further 
reaction. At low pressures (from one to a few atmos- 
pheves) the only heat reaching the surface is that 
produced by the reaction at the surface, which 18 
thus self-sustaining at a definite (limiting low-pres- 


sure) rate. (At still lower pressures the rate drops 
again: this phenomenon is not treated in this sum- 


mary.) At higher pressures heat generated from the 
gas-phase reaction cau reach the surface and the reac- 
tion rate then increases with pressure. 

The third reaction consists of the 
flame, which appears only at pressnres exceediug 20 


stave of the 


atmospheres, and apparently does not affect the rate 





of reaction until the pressure reaches about 100 at- 


inospheres. The flame reaction is assumed to be of 


the nature of a branching-chain explosion: this is 
supported by its appearance. It is supposed that after 
the gases leave the fizz zone there is built up a small 
concentration of active particles, this occurring in 
the dark zone which is observed between the surface 
of the powder and the flame. When these active par- 
ticles reach a sufficient. (but still exceedingly small) 
concentration an explosion occurs, which lasts through 
a small but definite zone at the base of the flame. 

This picture of the burning process 1х summarized 
and the notation estabhshed in Figure 1. 





SOLID FIZZ DARK FLAME 
со DISTANCES - x X. хо X3 
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FIGURE 1. Schematic sketch of a stick of burning powder. 


When a steady state is established, the total amount 
of heat which crosses any cross section of the powder 
or the reacting gas (the sum of that carried by con- 
duction and that carried by mass motion) must be 
the same for all cross sections, This “law of steady 


heat flow." 


the theory, 


Which as of fundamental importance in 
was established by Boys and Corner and 
Maver 1 


independently by J. E. n unpublished work. 


TRANSFER OF EST TO THE SOLID SURFACE IN 
[127 BURNING 

Coming to the details, we first consider the fizz 
burning process, neglecting the effect of the flame. 
Applying the law of steady heat flow to the problem 
of conduction of heat from the exothermically react- 
ing gas back to the surface, but assuming that all 
the reaction m the gas takes Die in a single plane 
fundamental relation- 
ship, which counects the pressure p, the burning 
rate M. and the temperature of the surface 7,: 


at ОТ, there may be derived i 


П |1, 
т © 4 

where T: 
2 * —— |р OF : (2) 
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M can be expressed m the form of an Arrhenius 
equation, 

E -Е /RT D 

М — | C "i Sy (3) 


where A is а “frequency factor" and Æ, the energy of 
activation of the reaction that takes place at the sur- 
Mare the solid. Since W,. lg. and 
JA are to be considered as parameters, values of 
which ave to be preassigned, 7, and z, can be elimi- 
nated from these equations, to give J/ as a function 
of p, obtaining a curve which can be compared. with 
experiment. The equations can be easily generalized 
to take care of the fact that the reaction 1n the gas 
takes place over a finite zone instead of in a single 
plane. This effectively simply replaces equation (2) 
by another relation. 

In eliminating £, and 2, from the equations, it Is 
assumed that /; is given by 
= 5, (4) 

hp 
where 4, is a rate constant independent of the tem- 
perature; that 1s. the activation. energy of the gas- 
phase reaction is negligibly small. If this reaction 
had a high activation. energy, /;, the time required 
before reaction occurs after the fragments leave the 
surface, would not depend primarily on a rate of 
reaction. but on how long it takes the gas to move out 
іо a point where it is hot enough to react, and the 
theory would revert to the Boys-Corner type, which 
makes the slope of the log M versus log p curve equal 
to just half the order of the gas-phase reaction. Pf this 


— 


energy of activation is low, /, 1s the time of reaction 
after the fragments leave the surface, the theory de- 
veloped in this summary will apply, and other factors 
as well as the order of reaction will affect the slope of 
the curve. Certain. characteristics of the burning rate 
versus pressure curve and related effects offer evidence 
to show that the latter alternative 15 correct. 

If we are interested only in the burning rate at 
moderately low pressures, the above equations are all 
that are needed. Temperature and pressure coefli- 
cients for the fizz burning region are readily derived. 
The pressure coefficient turns out to be largely deter- 
mined by the ratio M,'/M,', where M,’ is the value 
of M at the temperature 7," attained by the gaseous 
products of fizz burning if there is no flame, and M’ 
is the value of M at the lowest possible (low-pres- 
sure) value 7, of T,. Under these circumstances, of 
course, 7, == T, ; otherwise T, 1s determined by the 
flame. 


SÓFFECT OF THE FLAME ON THE BURNING PROCESS 


This is important at higher pressures, above about 
100 atmospheres. It is first necessary to consider the 
nature of the branching-chain reaction and to attempt 
to correlate 1t with the measurements on the length 
of the dark zone as a function of pressure made by 
Crawford and his collaborators. We assume that the 
flame starts when certain active constituents, which 
аге formed in the gas starting from the end of the 
fizz zone, reach a certain critical concentration. The 
rate at which these achive particles are formed will 
depend on the pressure (but not, at least greatly, on 
the temperature), and the critical concentration may 
also depend on the pressure. If we let c, be the con- 
centration of active particles, we have 

КСА 


n ! 
"wee dum C 


di 


—' 
N” 


where k, 18 à rate constant and n, the order of the 
reaction. Jf the critical concentration of c, 1s of the 
form B/pm, where B and » are constants, then the 
time (after the time ¢,) necessary for the develop- 
ment of the eritieal concentration and, henee, for 
the flame to start, 1s 


Dh 
i MERGE 5 TS орча i 


(6) 


The distance x, — 2,, which is essentially the length 
ot the dark zone, since zr, < m. Tin be shown To be 
given by 


Bad ЫК 
кус. KTM (7) 
m "E jt ? 
where 
| RB 
К — z ә S 
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lo get agreement with the earlier measurements of 
Crawford, Huggett, and Parr! one would set m 4 
NM, = 1 == 3.5, but later experiments?” indicate a 
larger value; we have taken, in later work, 5.5. 

For this dark zone we get an eqnation analogous 
to equation (1): 


EET r P 
—— ZF ) 
H 1*2 y Ki ( 
where 
E E: I” 
e шш ш ‚ 
2 == in TO. (10) 


Finally, we have to consider the reaction taking 
place in the finite reaction zone (a, to 24) in the 
flame. It is this zone in which the heat of the flame 
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reaction 1s actually generated, only a small concen- 
tration of active particles being built up in the dark 
zone. Also we must suppose, in order to get any agree- 
ment with the vate-pressure curve, that the reactiou 
zoue in the flame does not have uearly so high а 
dependeuce ou pressure as the dark zone, so that the 
reaction zone actually is mnch longer thau the dark 
zone at sufficiently high pressures. We assume, in 
fact that 
|. — l, 


= lap 2 


(11) 


where X, is a constant. We сап write another equation 
analogous to equation (1): 
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(12) 
where 


(13 


lo take care of the finite reaction zone, we would 
again replace equation (13) by another relation. 

It is now possible, if the parameters are known, 
to handle equations (1) to (4) with equations (6) to 
(13) simultaneously, eliminating unnecessary quan- 
tities and obtaining a relation between M and p which 
will hold into the pressure region above 100 atmos- 
pheres. 


EQUATION OF THE PARAMETERS 


Befove the eqnations of the preceding sections сап 
be applied. various parameters must be determined. 
tstimates of the important quantities for a typical 
double-base powder (HES 4016) are herewith tabn- 
lated. 


Т = 770 К K, = 0.6/p, cm?/sec, (p in at.) at 770 К 

T 1100 Ix Kı = 2.S/p, cm?/sec, (p in at.) at 1100 К 

Тз 3000 K = 49 at.?-» em? sec/g deg if m + n» + 1 = 3.5 
= Ox101 at.5-5 em? sec/g deg if m + n» + 1 = 5.5 

17,300 cal per mole reaction 


| 


K 
W, = 57g/mole к 
Wı = 27g/mole Е, 


Mostly these are based on data obtained by Crawford 
and his collaborators, bnt 7^ is a guess limited by 
the fact that an opaque double-base powder shows no 
red glow while fizz burning, and 77 — T” 1s obtained 
from the experimental temperature coefficient. This 
temperature difference is important in the theory, aud 
is rather definitely fixed by the temperature coeffi- 
cient. /#, depends проп Tj and 77 and on Mj and 
M^. The latter are in turn so chosen as to best fit the 
burning rate data, as are A, and dy. These quantities 
are not given here, hut /', will be disenssed below. 





ОЈО а М PRESSURE CURVE 


The experimental curve for log M versus log р shows, 
iu general, a flat region or at least one of small slope 
at low pressures. ‘his corresponds to the region where 
T, is close to Ts. In the higher pressure range, where 
heat 1s getting back to the surface from the gas phase, 
the slope of the log M versus log p curve rises gradually, 
eventually approaching about 0.7. This general trend 
Is very well reproduced by the theory. 

Iu some types of powder, the curve tends to flatten 
out again at pressures around 100 atmospheres, to be 
followed by a rather noticeable rise where M begins 
to go up because heat from the flame reaction begins 
to reach the powder in appreciable quantities (S- 
shaped curves). In the nsual type of double-base pow- 
der, such as HES 4016, there is no such marked effect 
of the flame, but a pretty good idea of the pressure 
at which the flame begins to be effective may be ob- 
tained by comparison with a similar powder in which 
catalyzed nitrocellulose was used.'^ With this pow- 
der the flame is much closer to the surface than with 
ordinary FLES 4016, and the rate of burning 18 higher 
at high pressures but abont the same at low pressures. 
To get the effect of the flame to come m at a suffi- 
ciently low pressure it appeared necessary, 1f m -J n, 
-1= 
20 times as large as that tabulated above. However, 
later 1t was found that with m -H n, -+ 1 == 5.5 and 
the flame consequently approaching the surface much 
more rapidly, the discrepancy was veduced to 4- or 
5-fold. and it was concluded that this was within the 
limits of error. 


3.9, to assume that к, was actually about 





EPFECT OF COOLANTS 


The effects of added coolants, such as centralite 
and paraformaldehyde," on the parameters can be 
estimated. Since these coolants can be assumed to be 
either inert ingredients which do not take part im the 
reaction (centralite) or substauces which actually de- 
compose and absorb heat їп the solid phase (para- 
formaldehyde), the effect is to lower 7,7, 7% and 7s. 
Reasonably good, though not absolutely accurate, pre- 
dictions of the effect of the coolants 
Especially interesting is the case of 


can be made. 
а 20% para- 
formaldehyde powder. The predicted enrve shows a 
very low rate in the fizz burning region, with a very 
steep rise where the flame comes in. Actnally, the 
powder will not burn in the low pressure fizz burning 
region, bnt the points at higher pressures fall near 
the enrve in the region where the flame has a pre- 
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dominating effect. Other types of coolant exist. which 
cool the flame and produce the S-shaped curves noted 


above. 


REAGTION TEs AND DISTANCES AND 
THEIR INTERPRETATION 

А question arises as to whether the solid-phase 
reaction actually occurs at the surface, or whether it 
takes place in a finite region within the sohd. In 
favor of the first hypothesis are the facts (1) that the 
value of -l corresponding to the estimated values of 
MW’ and M, is close to what one might expect from a 
unimolecular decomposition of the exposed NO, 
groups, and (2) that microscopic examination of the 
surface of powder which has been burned and 
quenched shows an altered layer, which, if the quench- 
ing oceurred at 150 psi, 18 about equal to the thick- 
ness which one might expect to be heated by conduc- 
tion." In favor of the second hypothesis are the facts 
(1) that if the quenching occurs at atmospheric pres- 
sure the altered layer is much larger than expected.” 
and (2) that the altered layer is full of bubbles." 
Tt seems certain that there is a reaction within the 
solid, but it may not be important except at low 
pressures. 

The value of A, which must be used to get agree- 
ment with the burning-rate data 15 only about 
1.1 X 107° times as great as would be the case if the 
eas-phase reaction took place at every collision of 
the reactive fragments. However, there is undoubt- 
edly a small, rather than actnally zero, activation 
energy, which accounts for this factor m part. 

It may be noted that the length of the fizz zone 
can be calculated, though there are no experimental 
data for comparison. Some values of this length, 2, 
at various pressures, are as follows: 

Г.) 1.66 

т, (и) IDE: 


RELATIONSHIP WITH OTHER WORK AND SUGGESTIONS 
гоп New Work on DOUBLE-BASE POWDERS 


160. 


1.9 
35 9.9 0.62 


In the theory considered above, nothing was said 
in explanation of the rather sharp falling off of the 
rate at very low pressures (below 1 atmosphere). А 
start on a theory of this effect has been made by 
ШЕ ога and Parr.’ 

The theory considered here assumes that the ac- 
tivation enerev of the gas-phase reaction is low, 
though the possible errors caused by the assumption 
have been discussed a little. The work of Boys and 
Corner assumes it is high. A start at working out 


the intermediate case has been made by Parr (refer- 
ence 10g and private communications). 

Shortly after this theory was developed in the RP 
reports, an essentially equivalent theory, thongh dif- 
fermg greatly in mathematical details, was worked 
out by Eyring and his co-workers'"* for the fizz 
burning. ‘Their application, however, contained an 
error. They did not consider the effect of the flame 
on the burning rate bnt did consider the possible 
effect on the flame of the diffusion to the side. In this 
way they attempted to explain the dependence of the 
dark-zone length on pressure, assuming an ordinary 
second-order reaction in ihe flame. In these ealeula- 
tions, however, they apparently overlooked the doe- 
pendence of the diffusion constant on pressure, and, 
in any event, the experiments at the University of 
Minnesota indicated. that diffusion 1s probably not 
important exeept at rather low pressures. 

One of the chief desiderata 1n the further study of 
double-base powders is some more accurate way of 
estimating the temperature of the surface of the burn- 
ing powder. The method used by Daniels, of incor- 
porating in the powder substances which melt or de- 
compose at definite temperatnres, 1s not unequivocal, 
for one reason because the particles of the substance 
may stick out into the gas and be heated there. Pos- 
sibly, nse of a larger variety of smaller particles 
would be helpful. Other methods’? have also been 
used but do not give uneqnivocal results. 

At the present stage of our knowledge of donbte- 
base powders, it seems that detailed examination of 
powders with special properties, e.g., the paraformal- 
dehyde powders, along the lines so well outlined by 
Crawford and his associates would be helpful. For 
example, further burning rate data on various Inter- 
mediate compositions of paraformaldehyde powder, 
examination of the burned surface, analysis of prod- 
ucts, heat of explosion data at various pressures, dark 
zone data, and the effect of using catalyzed mitrocel- 
lulose in such a powder, wonld be interesting and 
theoretically significant. 


у The Theory of the Burning of 


Composite Propellants 


Use of the principles laid down above and the very 
excellent experimental work at the University of Min- 
nesota (references 10h and 101 and various private 
communications and memoranda) have made 1t pos- 
sible to attempt some speculations on the burning of 
composite propellants, which contain a filler of the 
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oxidizing agent potassium perchlorate and the re- 
ducing agent, carbon black. in a binder of double- 
base powder. The perchlorate particles are of the 
order of 7.5 u in diameter, while the particles of car- 
bon are much smaller, around 0.03 y. 

The theory is based upon à consideration of what 
happens to Individual perchlorate particles. When a 
powder containing very little filler is burned, indivi- 
dual perchlorate particles can be seen glowing 1n the 
surface, and they evidently have a higher temperature 
than the rest of the powder. According to Crawford, 
Huggett, Мертаау, and Hanson, only the larger 
perchlorate particles glow. Some of them give rise 
to plumes of flame, presumably due to reaction of 
oxvgen from the particles with. reducing gases and 
carbon from the surrounding powder. Of course, 1n 
a powder containing more filler, the plumes of flame 
are merged to give an apparently uniform flame. А 
large crystal embedded in double-base powder also 
vives vise to a flame, and from the rate at which the 
crystal is consumed and the known rate of decompost- 
tion of potassium perchlorate at various temperatures, 
its surface temperature ean be estimated to be con- 
siderably higher than that of the surrounding powder. 

As regards the burning rate, the experimental facts 
are roughly as follows: At sufficiently low pressures 
the perchlorate lowers the rate of burning. ‘Phere 18 
then a very sharp rise in the burning rate, around 
100 pst (the higher the percentage of filler, the lower 
the pressure at which this occurs), after which the 
rate increases only moderately with pressure, so that 
in the ballistic region the powder shows the desirable 
low pressure coefficient, A more finely ground. per- 
chlorate gives, apparently, a lower rate at low pres- 
sures and certainly a higher rate at high. pressures. 

The theory which accounts for or describes these 
facts may now be outlined. At very low pressures, 
where it lowers the rate, the perchlorate 1s supposed 
io act as an inert ingredient. ( Actually there 1s some 
question whether it lowers the rate as mich as it 
should on this basis.) But there is a tendency for it 
to react at the surface with gases from the binder. 
At somewhat higher pressures this reaction may be- 
come important, causing the particles to be heated 
above the temperature of the binder. It 1s possible 
that only the larger particles, which stick through 
the fizz zone, are thus heated: this would also result 
in dependence on the pressure, since the thickness of 
the fizz zone decreases sharply with the pressure. 
Having been thus heated, some of the particles emit 


sufficient oxygen so that the plumes of flame burst 


from them. When this happens more heat is gen- 
erated, the surface is heated more strongly, апа the 
effect is hkely to be contagions, especially in a powder 
of high filler content, so that move particles burst 
into flame. As the pressure Increases, more and more 
particles burst into flame; in view of the remarks 
just made, this effect is antocatalytic, so that there 
is à region around 50 to 100 psi where there is a 
sharp rise of rate with pressure. At somewhat higher 
pressures, however, where practically all of the par- 
ticles burst ito flame, this effect reaches saturation ; 
only the normal tendency for the rate of burning to 
increase with pressure remains, and the rate of reac- 
tion of the gases becomes determined largely by diffu- 
sion of the oxygen and the redneing materials into 
each other. Under these circumstances increase in 
burning rate is resisted by the diffusion process, and 
the pressure index goes down below the normal valnes. 

The smaller the perchlorate particles the easter 
Is diffusion around them, accounting fov the effect 
of size m the high-pressure region, At low pressures, 
decreasing the size of the perchlorate particles may 
result in their being more uniformly heated through- 
out their bulk. Thus a given weight of perchlorate 
would. 1f finely divided, act as a better cooling agent, 
causing the powder to burn slower. 

The carbon black, whose effect has not been dis- 
cussed so far, plays an important role in. the com- 
bustton. Jt may act as a сау, or CES 
а concentrated reducing agent carried in the reducing 
gases which react with the oxygen from the per- 
chlorate. In either case, absence of carbon would be 
expected to cause partial repression of the steep rise 
of rate with pressure at 100 psi, causing this 1ncrease 
to occur instead m the ballistic region. This predic- 
tion has since been confirmed by experiment.’ 


SUGGESTIONS For FURTHER WORK ON 
COMPOSITE J|'BOPELLANTS 


1. The decomposition of potassium perchlorate 
should be more thoroughly studied. 

2. Controlled reaction rate experiments between 
potassium perchlorate and gases, such as are given 
off m fizz burning of double-base powders, might be 
of interest. 

3. A careful study of the effect on the burning rate 
of the size of the filler particles at low pressures as 
well as at high pressures should be made. Some work 
of this nature is already under way. 


4. Some light on the effect of an inert ingredient at 
low pressures might be obtained by experiments using 
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a nonreactive material such as powdered sand. varv- 
ing the particle size and percentage of sand. 

5. Photographs should be made (like those made 
bv Crawford, Huggett, MeBrady, and Hanson for 
powders dilute in filler) of powders with high filler 
content around the pressures at which the sharp rise 
in rate just begins, to see if the inflammation of per- 
chlorate particles can be detected and studied. 

G. Photographie studies should be made of pow- 
ders containing very little potassium perchlorate and 
varying amounts of carbon black. 

7. Estimates should be made of the smallest size 
of perchlorate particle which glows (compare Craw- 
ford. Hugeett. MeBrady, and Hanson) when a dilute 
powder burns under varying pressure conditions, to 
see whether this size parallels the thickness of the fizz 
zone. If this is found to be the case, it might indicate 
that the particles are heated and glow only if they 
stick up into the hotter regions of the gases. 

8. Powders in which the perchlorate is replaced 
by a solid solution of potassium perchlorate and po- 
tassium permanganate might be studied, if stability 
tests indicate that thev can be used. Since these solu- 
tions decompose more readily than pure potassinm 
perchlorate, some light might thereby be thrown on 
the effect of the stability of the oxidizing agent. 

9. Some consideration should be given to the effect 
of the size of the carbon particles. Since a large car- 
bon particle might not react completely with the 
oxvgen from the potassium perchlorate, at least close 
to the surface, and since. with its relatively smaller 
surface 1t would be a poorer catalyst, it might be ex- 
pected that increasing the size of the carbon par- 
ticles would have the same effect as decreasing their 
concentration. 
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Molded composite propellants are mixtures of finely 
divided, crystalline, self-combustible solids, for ex- 
ample, ammonium picrate and sodium nitrate, held 
together by a resinous binder and formed into grams 
by compression molding. The development of these 
propellants’? had its origin in observations made by 
British workers prior to the summer of 1941. The 
British effort. however, was directed primarily toward 
the preparation of plastic propellants, puttylike ma- 
terials which would be molded directly into. rocket 


bThis section is constructed from a summary prepared by 
Louis Р. Hammett and Frank A. Long. 


motors, Whereas the work of Division 8 was directed 
toward the preparation of hard, mechanically strong 
erains.e 

Molded composite propellants possess certain major 
advantages over conventional propellants.'°*? They 
have a low value of the exponent in the burning law, 
Which results in a much lower sensitivity of the pres- 
sure in а rocket motor to such influences as changes In 
burning surface, nozzle area, беа area of pas- 
sages for flow of gas, than is the case with ordinary 
double-base powders. ‘Chis permits packing more 
propellant in a given space, ghtens the motors bce- 
cause of greater reproducibility of pressure, and com- 
pensates completely for the somewhat lower specific 
impulse. The propellant burns well at low motor pres- 
sure of from 200 to 800 psi. ‘Pins also aids in hght- 
ening the motors. The temperature coefficient of pres- 
sure, thrust, and burning time is low so that these 
quantities vary over the range from —40 to +140 F 
bv a factor of 1.5 compared with 5 for ballistite and 
соте. This is extremely important for launching 
units and missile propulsion units, for which thrust 
and burning time must be as nearly as possible in— 
dependent of temperature. For artillery rockets the 
low coefficient. removes the necessity of a range cor- 
rection for temperature and contributes to lower motor 
weight and generally increased. efficiency of the pro- 
jectile. The powder is mechanically strong and, al- 
though it is somewhat brittle, can easily be mounted 
in a motor so that the powder grain is not ruptured 
by impacts that will injure the metal parts of the 
motor. The propellants are of inherently great sta- 
bility and ave not altered by long storage at elevated 
temperatures. It 1s relatively easy to apply a coating 
to the propellant to prevent the burmne of a given 
surface. This permits fabrication, for example, of end- 
burning solid charges with long burning times. A 
range of propellants of widely different burning rates 
can be obtained by simple changes of propellant com- 
position, Thus CP-492 has a burning rate of 1.0 in. 
per second at 1,000 psi and 70 F, whereas CP-401 
has a burning rate of only 0.24 1n. per second under 


the same conditions. This flexibility contributes ad- 


‘The work done by Division 8 on plastic propellants differed 


from that of the British in that a thermosetting rather than a 
thermoplastic binder was used, and the binder was incor- 
porated in edge-runner mills rather than in differential rolls. 
Not enough work was done by Division 8 to develop a plastic 
propellant satisfactory in every respect, but sufficient work was 
done to show the great potentialities of this type of propellant.!5 

JPersons not familiar with these and other terms used m con- 
nection with rocket propellants will find an excellent introdue- 
tion to the subject 1n reference 22. 
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ditional latitude in the design of propulsion units. 
Finallv the propellants are exceedingly well adapted 
to production in charges of relatively large diameter. 
Under wartime conditions the fact that the major 
components, potassium nitrate and ammonium pic- 
rate, were in good supply was an additional favorable 
factor. 

The compositions and properties of several of the 
standard composite propellants are given mn Table 1. 


TABLE 1. Composition and ballistie properties of 
molded composite propellants. 


Designation 218B 401 404 402 
Ammonium picrate 46.7 ne 54.0 41 
Sodium nitrate 46.7 — TT D 
Potassium nitrate Е 18 36.0 50 
Buramine resin* al 
Santicizer ST [5 
Calcium stearate 0.4 T TS — 
Ethylceelluloset ae 4 5:0 4.5 
Aroclor 12548 6 5.0 4.5 
I 172 174 174 165 
d 1.80 1.64 jme 1507 
I 310 285 300 292 
п, 0.50 0.50 0.45 0.42 
Tti ооо 0.70 0.24 0.57 1.0 
К | ооо 170 600 240 155 
Temp eoef 0.005 0.005 0.005 0.005 





I, the specific impulse in seconds, is giver! for a chamber pressure of 1,000 
psi, and the optimum expansion ratio for that pressure. The value under 
other conditions may be estimated from the curves in Explosives Research 
Laboratory Report OSRD-1627, July 1943, or from the California 
Institute of Technology Report CIT/JAC 2, October 23, 1942. As shown 
in OSRD-1627 and 5043, the ratio of the specific impulses of two pro- 
pelants is essentialy independent of pressure and expansion ratio 
except under conditions of overexpansion. Because of the greater heat 
losses with small motors, the specific impulse is affected by motor size 
and is about 9% lower for l-ounce grains of 218В than for 4.5-1b grains, 


d is density in g/cc. 
I, is the impulse per unit volume of propellant (g sec/cc). 
n is the exponent in the burning law, R = bP". 


Ri,000 is the linear burning rate (in./sec) at a pressure of 1,000 psi and 
at 25C. Rates at other pressures and temperatures may be calculated 
from the values of exponent and temperature coefficient listed. 


Kı, is the ratio of burning surface to nozzle throat area (the restriction 
coefficient) at which a steady-state pressure of 1,000 psi is attained. 
Values for other pressures may be obtained from the equation 

PF K 1 


— — — 
— 





1,000 
The temperature coefficient is the quantity 
1 (@P) 1 (ØR) 
DEL ROD; 
in which К is the restriction coefficient. 


K1,00 l-n 








*Buramine is а butyl urea-formaldehyde resin manufactured by the 
Sharples Solvent Company. It is employed as a 65% solution in butanol, 

TSanticizer 8 is a trademarked plasticizer made by the Monsanto Chemical 
Company. 

IThe ethylcellulose has the following properties: standard ethoxy con- 
tent; 7 cp viscosity. 

SAroclor 1254 is a liquid chlorinated polyphenyl manufactured by the 
Monsanto Chemical Company. 


The burning rate varies considerably with composi- 
tion, but the specifie impulse, discharge coefficient, 
and exponent » are almost the same for the composi- 
tions listed. T'he flame temperatures are not known 
precisely but that of even the “hottest” composition 
(CP-492) is probably under 2500 К. All the com- 
positions produce considerable smoke, primarily po- 
tassium or sodium carbonate. 

The general process for the production of composite 
propellants?*?* involves the addition of suitable pro- 
portions of ammonium picrate and of potassium ni- 
trate, which has been ground to a particle size? de- 
pendent on the rate of burning desired, together with 
a 50% solution of the resinous binder in acetone to 
а 9-ft edge-runner mill. The 55-lb batch is milled for 
three hours under careful temperature control and 
with a current of dry air passing through the mill 
to remove the acetone. At the end of milling a small 
proportion of calcium stearate or other free-flow 
agent 1s added. The product 1s a solvent-free, free- 
flowing powder. In the pilot plant, 40 batches of this 
powder are blended together to give a 2,000-Ib lot. 
This powder is thermostatted to 35 C and fed to a 
compression molding press. For the production of 8.5- 
in. diameter grains, this press may be a 425-ton press 
equipped with a cylindrical mold about 24 in. long 
provided with a core rod if a perforation is desired. 
Because of friction against the walls, these molding 
powders do not give satisfactory results if the length 
of the final grain is much greater than its diameter. 
The molding pressure is of the order of 14,000 psi, 
varying somewhat with the composition of the pro- 
pellant. Grains are molded to have a density of about 
96% of the theoretical fully packed density. The 
singlet grains produced are ejected from the mold, 
annealed for 48 hours at 60 C and inspected. During 
the annealing, small volume changes occur and stresses 
are relieved. T'he product is hard and strong with a 
compression strength of the order of 5,000 psi. The 
grain walls are very close to true cylinders and the 
ends are essentially flat and parallel. No ignition of 
the propellant during the molding process has oc- 
curred at any time during the whole development. 
Although proper control of composition, water con- 
tent, temperature conditioning, and molding cycle 
vields grains of consistently good quality, failure of 
control ean result in internal cracks which may lead 
to disastrously high pressures when the powder is 

eA method of determining particle size is reported in ref- 


erence 29; this should be compared with an earlier report, 
reference 30. 
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burned. Fortunately, an ultraxouite transmission tech- 
nique has been developed which eau be carried out as 
a routine inspection operation aud which detects such 
flaws with a high degree of rehability.*? 

Experimental work on the improvement of this 
process Was actively proceeding at the termination of 
hostilities, aud some of the partially tested develop- 
ments have considerable promise. Of particular in- 
terest are alternate milling methods which might both 
improve the quality and lower the cost. and modifi- 
cations in the molding procedure which might elimi- 
nate the need for expensive. high-capacity presses. 

For many purposes a grain longer than the singlet 
unit 1s desired and 1х obtained by cementing the units 
together. This 1s relatively easy with perforated grains 
in Which the direction of the burning 1х radial and 
hence parallel to the cement joints. An alkyd resin 
cement, General есіле Glvptal 1201, has proven 
completely satisfactory. With large diameter grains, 
a l4g-1n. thick cork washer is cemented between the 
units to take up irregularities m the grain ends and 
give the assembly slight flexibility. Cork washers 
which are cemented on the ends of the assembled 
charge serve both to prevent burning on the ends, 
which results in more nearly neutral burning. and 
to cushion the mounted grain against shock. Five 
cork strips are cemented longitudinally on the out- 
side of the grain to space it from the motor wall and 
to provide shock protection. Protection against shock 
by these cork mountings is completely satisfactory. 

The cementing problem is more difficult with solid 
grains, in which the burning proceeds in ап axial 
direction and must therefore traverse the cement 
joints. The cement must be a very fluid one which 
can be squeezed out to give a very thin vet continuous 
layer, and then hardened by heat or chemical action. 
The grain ends must be very flat to obtain a satis- 
factorily thin cement layer. With 8l5-in. grains, flat 
ends have been obtained by machining them in an 
ordinary metal-working lathe. A suitable cement 1s 
General Electric Permafil 2851. The results obtained 
when it is used with machined grains ате satisfac- 
torily reliable. Cementing problems and techniques 
have been described in detail.?? 

To give end burning, a solid charge of this sort must 
he “restricted” to prevent burning except on one end 
surface.?* This has been satisfactorily accomplished 
by first spraving the surfaces to be restricted with a 
Glyptal lacquer followed by the application of an 
industrial tape or by shrinking on a thin rubber tube. 
“Here also cork sheeting is used to support the grain 


in the motor and to give it the necessary protection 
against shocks. 

lhe development of the production techniques de- 
scribed in the preceding paragraphs is the result of 
extensive experimentation. which was begun late in 
1941. Бү the spring of 1942 it had been found pos- 
sible to produce satisfactory composite propellants in 
the laboratory. The advantages of the propellants 
were so obvious that the recommendation was made 
to establish a pilot plant which would permit a study 
of production methods and would allow experimenta- 
tion with the product on a sufficient scale to test its 
reliability. In view of the wartime urgency, the de- 
cision Was made to build a plant of sufficient capacity 
(500 Ib per eight-hour shift) to permit the use of 
production-size equipment and to have an output 
which might itself have some use in Service apphea- 
tions, ‘This plant came into operation about the end 
of December 1942, The pilot plant development was 
slower than had been hoped, and somewhat over а 
vear was required to demonstrate that a product of 
thoroughly reliable properties could be obtained un- 
der economically feasible conditions. This was partly 
because the process was a completely novel one, in- 
volving operations whose nature was not fully under- 
stood and for which suitable methods of control could 
only be evolved by much investigation, and partly 
because of the occurrence of a series of violent explo- 
sions 1n. the milling operation which destroyed the 
mills and occasioned serious delays. Investigation 
showed that with a smaller batch size an ignition 1n 
the mill led to по serions damage, and the 6-ft mills 
with a several hundred pound batch for which the 
plant was originally designed were replaced by 3-ft 
mills whose operation has been completely satisfac- 
tory. The pilot plant studies during this period were 
almost exclusively concerned with а 256-in. diameter, 
perforated grain intended for artillery rocket appli- 
cations and upon the 218B composition whose for- 
mula is given in Table 1. By the end of 1943, a com- 
pletely satisfactory product for this purpose was being 
produced, and the process and quality of the product 
паа been fully demonstrated. Кау in 1944 a change 
was made in the study of the production of 8.5-1n. 
and larger diameter charges, the practicability of 
which had meanwhile been indicated by experiments 
at the Explosives Research Laboratory.?? 

At the same time changes in composition resulting 
from investigations at ERL were made. Potassium 
nitrate was substituted for sodium nitrate because of 
the great hygroscopicity of the latter, and an entirely 
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пем type of resinous binder was introduced. The early 
experimentation had proceeded from the quite ob- 
vious supposition that sufficient. fluidity during the 
molding process and sufhieient rigidity in the final 
product could only be combined if a thermosetting 
resin 18 used which is hardened by chemical action 
after the molding takes place. A thermosetting butyl- 
urea-formaldehyde resin, known as Bnramine, was 
consequently eniploved as a binder during the earlier 
development. It was. however. discovered that this 
supposition 1х quite unjustified, and that ample 
strength and rigiditv in the final product can he 
combined with ease of molding without any such 
hardening process. provided a resin of suitable prop- 
erties Is chosen.?? 

A binder composed of a highly plasticized ethyl- 
cellulose was found to give as high compression 
streneth as the Buramine, and to vield a product of 
considerably less brittleness and greater resistance 
to sudden changes in temperature. It was further 
found that material with a binder of ethylcellulose 
plasticized by Aroclor 1254 could be milled until the 
content of volatile solvents had been reduced essen- 
tially to zero to vield a powder which retains sufficient 
flow for satisfactory molding. With Burannne, by 
coutrast, satisfactory flow depended on the presence 
in the molding powder of a content of butyl alcohol 
lying within a narrow and «соу controllable 
range; the removal of butyl alcohol after molding, 
Without deterioration in the quality of the molded 
gram, was extremely difficult. For these reasons all 
recent production of composite propellants has used 
binders of the ethylcellulose-Aroclor type. There are 
Indications that still. better may be based 
upon rubbery materials, and that the use of such 
rubbery binders may be needed If granis of 12 1n. m 
diameter or greater are to have sufficient resistance 
to fracture from very rapid and large changes in 


binders 


temperature?” 

Asa result of the interest of the Air Forces in large 
charges for jet-propulsion devices and the report of a 
special OSRD committee, funds were appropriated 
in March 1944 for the expansion of the Monsanto 
pilot plant and its conversion to the production of 
S.o-1n. gratis, Temporarily the actual molding proc- 
exs Was carricd on at the Explosives Research Labora- 
tory where a press happened to be available. The high- 
est priority was Initially given to a development of a 
250-Ib thrust, 50-second buriing-tine unit requiring 
a cemented aggregate of three single grains of CP- 

in. long, re- 


| 
de wel SP in. m diameter amd 7.5 


stricted to burn from one end only. By July 1944, 
It was possible to carry out a successful flight test at 
lonopah, Nevada. in which two of these units were 
attached to a guided missile launched from an air- 
plane. Performance was satisfactory and the missile 
was given a speed in excess of 400 miles per hour. 

Further development in this direction, however, 
was almost completely stopped for a period of many 
months, because the Air Forces gave the highest pos- 
sible priority to a development of a unit for launch- 
ing the JB-2 bomb, the American copy of the German 
"buzz bomb." For this purpose the charge consists of 
a perforated cvlinder, 8.5-in. outside diameter, 2.5- 
in. Inside diameter and 36.5 in. long, weighing 120 
lb. This develops at 70 за thrust of 11,000 1b for 
a period of 1.85 seconds. Four of these charges. 
cach encased in a suitable motor, are attached to a 
launching sled, which, as initially planned, ran on a 
heavy nonportable rail system 400 ft long. By an in- 
genious development of the Air Forces, the bomb, 
sled. and rocket motors are converted to what amounts 
to a free flight rocket. This is launched from a ramp 
only 40 ft long and so light that the whole launching 
system сап be permanently attached to а motor- 
drawn trailer or mounted on a relatively small boat. 
This light, highly portable launching system is а 
great advance over the heavy and rigid German 
launchers and various adaptations of those launchers 
which have been studied in this country. 

Some 200 experimental lannchings by this method 
had been made at the close of hostilities, with powder 
produced at the Monsanto pilot plant. with some as- 
sistance from ERD. Rocket performance had been 
demonstrated to have a high degree of reliability and 
the whole launching technique was m a satisfactory 
state of development. 

The JB-2 bomb did not come into combat use, al- 
though a requirement for 500 launching units a 
month existed at the end of hostilities, and the con- 
struction in ‘Texas of a production plant with a ca- 
pacity of 600,000 Ib of propellant a month (sufficient 
for 1.200 launchings) was well on toward completion. 
This was to be operated by the Monsanto Chemical 
Company under an Army Ordnance Department con- 
tract. Interest in the material remains sufficiently 
large so that the Monsanto pilot plant has been con- 
verted to a small production plant with a capacity 
of 75.000 Ib per month for peacetime operation by 
the Ordnance Department. 

With the decision to construct the production plant 
in Texas, pilot plant studies and the development of 
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control techniques for the operation of the production 
plant became an added responsibility of the Monsanto 
pilot plaut. At the same time other charges of com- 
posite propellant were in various stages of develop- 
meni.?^2^3"5* Pwo types of units had been success- 
fully but less extensively tested in the weapons tor 
which they were adapted. In one. intended. for the 
propulsion of guided missiles, an 3.5-1n.. diameter 
solid cylinder 23 in. long. weighing 82 lb, treated so 
that it burns from one end only, develops а thrust 
of 250 Ib over a period of 48 seconds. A modification 
of this contained a longer charge burning for 65 sec- 
onds. plus a booster charge consisting of an 8.5 X 
15-in. perforated grain to give a high initial accelera- 
tion.“ In the other type. the dectpede. ten individual 
3.5-1n. diameter. 8.5-1n. long eviinders, burning from 


only in a motor provided with multiple 


one end 
nozzles, develop a 1.000-Ib thrust for 45 seconds. This 
unit is designed to propel, over the surface of the 
water. a demolition device for amphibions operations 
called the Snake. The decipede was developed under 
high pressure and was scheduled for use 1n the land- 
ings on Japan.” 

The pressure for immediate development of usable 
jet-propulsion units has led to the neglect of much 
fundamental research and of many interesting but 
longer-range possibilities for improvement of these 
units. Recommendations for future work are given 
in many of the Monsanto reports cited in this section 
and specifically in reference 34. 

For complete information about the properties, 
manufacture, testing, and uses of molded composite 
propellants, see references 46 to 64. 


6.5 SOLVENT-EXTRUDED""' 
COMPOSITE PROPELLANTS' 


The development of solvent-extruded composite 
propellants grew ont of the experience of the Explo- 
sives Research Laboratory with molded composite 
propellants. These latter materials had most desirable 
ballistic properties. i.e., a low pressure exponent and 
a low temperature coefficient, but they were not adapt- 
able to the manufacture of long small-web grains 
of the type used in Army-designed rockets such as the 
4.5-in. and the Bazooka; and their brittleness was 
a disadvantage, especially m small sizes. Furthermore, 
no plauts existed which could be easily adapted to 


‘This section is based on a summary supplied by Louis Р. 
Hammett and J. F. Kincaid. 


their. production, Solveni-extruded: double-base pow- 
der has less satisfactory ballistie properties, ie. an 
unpleasantly large pressure exponeut and tempera- 
ture coefficient, but it is tough and partieularly adapt- 
able to the manufacture of the long small-web grains 
needed for the rockets m= question. Further, there 
Was large plant capacity available for its production, 
Tt seemed worth while, therefore. to attempt to com- 
bine the advantages of molded composites and sol- 
vent-extruded powders in а single powder containing 
à mixture of powdered oxidizing and oxidizable par- 
ticles in a matrix of double-base powder, the latter 
being present in large enough proportion to permit 
fabrication by. the method. Re- 
search was started at the Explosives Research Labora- 
tory in August. 1943, and by October the desired re- 
sult had been obtained on a small laboratory scale 
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m what was called EJA powder, which contains po- 
tassium perchlorate as a principal ingredient, Its coni- 
position and its excellent ballistic properties are listed 
m Table 2. Its fabrication required only equip- 
ment available in large amounts in existing. plants. 
since the Bruecton laboratory could produce only 
relatively small batches of thin web powder, develop- 
ment was transferred to the Radford Development 
Department of the Hercules Powder Company. Al- 
though the value of the powder for the 4.5-m. rocket 
had been well demonstrated, methods for the produe- 
tion of material of reliable and reproducible quality 
had not been developed, when, in June 1944, the use 
of this rocket was dropped by the Air Forces, its 
largest potential user. 

Meanwhile serious difficulties had appeared with 
the Bazooka. The baste theory of this weapon assumes 
that the burning of the charge is completed before 
the projectile leaves the muzzle of the projector. The 
double-base charge used in this weapon, however, 
burned beyond the muzzle of the projector when fired 
at a temperature of 70 F or less. This subjected the 
rocketeer to discomfort and even to serions injury 
from the expulsion of powder fragments near the 
end of burning, and increased the dispersion materil- 
ally. Attempts to improve the situation by modifying 
the granulation led to the danger of blowups from 
the high pressures encountered under warm weather 
conditions; Gun-shy. from the painful. fragments and 
doubtfnl of the precision of their weapon, Bazooka 
operators were suffering severe casualties and were 
not getting the desired operational results. A shift 
from the double base charge to an all ЕЈА charge 
stopped the blowups and stopped beyond-the-imuzzle 
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burning over a range of temperature much. wider 
than encountered in operational use, but the smoke 
resulting. from the potassium perchlorate revealed 
the position of the rocketeer and completely excluded 
ihe use of ЕЈА powder for this or other ground- 
launched weapons. 

After trials with various compositions it was found 
that a powder called BBP (Blastless Bazooka Pow- 
der) or T-4, containing only 7.6% of perchlorate, has 
a temperature coefficient only one-half that of the 
standard ballistite.. With this powder, burning can 
be kept within the launcher down to 0 F, and the 
amount of smoke 1х small enough to be tolerated.” 
This powder was immediately adopted for Service 
use, and production started in Aprl 1945. A new, 
heavier, and more effective Bazooka projectile was 
later designed around this powder and жах, indeed, 
possible only because of it. This was upon the point 
of production when hostilities ceased. 

EJA powder and similar materials containing large 
proportions of potassium perchlorate-carbon black 
filler again became the subject of active study early 
In 1945. since they are ideally suited for use as rate 
control strands in cast double-base charges (Section 
6.5). and it then became evident that most of the 
production difficulties encountered a year earlier 
could be obviated by minor changes in composition. 

Another powder, MJA, also extensively developed, 
contains potassium nitrate instead of the perchlorate 
of PIA. Tt is slower burning and has a lower specific 
impulse. It turned ont to be ideally suited to the 115 
mnm rocket developed at the Allegany Ballistics Lab- 
oratory, vielding a projectile velocity of 1,200 fps, 
compared with 950 fps from a double-base charge, 
and having a performance essentially. independent 
of temperature. Enough powder for extensive tests 
had been prepared by the Radford Development De- 
partment when hostilities ceased.” Whether the pow- 
der would have reached Service use depended upon 
whether the 115 mm rocket was finally adopted. This 
in turn depended upon а conflict between the Service 
desire for standardization on а single weapon, the 
HVAR which used large web dry-extruded powder, 
aud the availability of large and unused facilities for 
the production of solvent-extruded powder, compared 
with limited and difficultly obtainable equipment for 
dry extrusion. 

These powders ave prepared by the methods and 
in the equipment employed for the preparation of 
solvent-extruded gun and rocket propellauts. With 
the faster burning compositions such as EJA, exist- 





mg plants are, however, not usable because safety pre- 
scribes. heavier barricading and wider dispersal of 
equipment. The ingredients are mixed m a sigma arm 
mixer m the presence of a sufficient amount of volatile 
solvent (ether-alcohol. acetone, or mixtures) to form 
a dough. This is extruded through dies mounted in 
hydraulic presses, and the strands formed are dried 
at temperatures of the order of 130 Е ov less in a 
current of air for a time which depends upon the 
web thickness and composition of the powder. Ad- 
justment of kind and amount of solvent, time and 
temperature of nnxing, temperature and rate of ex- 
trusion, drying time aud temperature must all be 
made for each particular composition if powder of 
adequate strength and freedom from flaws is to be 
attained. 

The maximum diameter of solvent-extruded com- 
posite propellants which have been prepared by direct 
methods is approximately 1.5 m. Since the produc- 
tion of larger sizes was desirable, the possibility of 
dry extruding the solvent-extruded rods or granules 
was investigated. The project had passed the pre- 
liminary exploratory stages and serious investigation 
was contemplated at the eud of the war. A promismg 
composition. of this type (EDX) ìs described in 
Table 2. 

The experience in the attempt to transfer a small- 
scale laboratory process for the production of BJA 
powder almost directly to full-scale production equip- 
ment had made it painfnlly apparent that any group 
concerned with the development of new powders 
should have available, under its own direction, an 
experimental plant capable of making enough powder 
for extensive testing, and in which the results of 
tests could be immediately transferred to improved 
techniques of production. No such expansion was pos- 
sible on the Bruceton grounds, but an agreement was 
made for the construction of an experimental plant 
at the Allegany Ballistics Laboratory, the central lab- 
oratory of Section IT, NDRC Division 3. The tech- 
nical staff. and research direction of this plant were 
supplied by the Explosives Research Laboratory, non- 
technical staff and administration by the Allegany 
Ballistics Laboratory. Construction started m= June 
1944, and the first batches of powder were made In 
December of the same vear. The operations were 
highly successful: much of the development of the 
BBP and MJA powders was carried out in the Alle- 
сапу Ballistics Laboratory, and it was possible. to 
turn over to the Radford Development Department 
essentially complete directions for full-scale produc- 
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tion of these powders. In early 1915. the laboratory 
was easily expanded and converted to the develop- 
ment of the east double-base charge, Including the 
production of the rate control strands. hu most respects 
this plant could serve as a model for an expermental 
developmental establishment for propellants. The 
whole operation was under a single technical eontrol ; 
the scale was small enough to permit the production 
of a large number and variety of experimental eom- 
positions and large enough to allow the preparation 
of suficieni powder of the largest grannlations for 
reasonably exteusive testing in full-scale charges for 
the weapons of Interest; and the statie and flight 
testing facilities of the Allegany Ballistics Labora- 
torv made possible rapid testing and reporting of 
cach new material. 


TaBLE 2. Composition and ballistic properties of solvent-extruded 
composite propcllants.* 


Designation EJA BBP MJA EDAT 
КСО: 56% УА РУ TT 
KNO; — E 43% 43% 
Carbon black 9 102 7 T 
Nitrocellulose (12.605 N) 21 d T 23 
Nitrocellulose (13.175 N) .... 54.0 26 - 
Nitroglycerin 13 35.5 21.5 2p 
Ethyl centralite 1 0.9 2.5 5 

I (impulse) 152 sec 165 see 130 sec 150 sec 

d (density) 2.02 g/cc 1.68 g/cc 1.5 coc 1.83 g/cc 
14 307 280 240 200 

п (pressure expouent) 0.45 approx 0.7 0.46 0.54 
R2000 1.90 in./sec .... 0.70 in./see 1.45 in./sec 
Temp coef 0.003 0.010 0.003 


*I, the specific Impulse ш seconds, Is given for a chamber pressure of 2,000 
psi and unit expansion ratio. The values for other expansion ratios may 
be estiniated from OSRD-1627. Because of the greater heat losses with 
the small motor used, the speeifie impulses given in the table are sub- 
stantially less than tliose that would be obtained in large motors. The 
small motors which were used give a value of 165 for 7 and of 270 for Ig 
for modified Bullseye powder. 


TThe formula for EDN includes 0.6% of added magnesium stearate, 
included to improve extrudabilit y. 


+The KClO; contains 0.5% magnesium oxide and 0.595 magnesium 
tearate as anticaking agents. 
S 
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The Galat propellants, mixtures of potassinm per- 
Chlorate and asphalt developed at the California In- 
stitute of Technology, are outstanding for their ease 
of preparation and for the simplicity of the equip- 
ment m which they are prepared. Compared with 
many other propellants they have the additional 
major advantages of a low temperature eoeffierent of 
the linear burning rate. They have, however, when 
used at very high or very low temperatures, shown 
deficiencies which are probably unavoidable in ma- 


"This section 1s constructed from material furnished by Louis 
P. Hammett and Harley Нататап.7% 79 


terials of a pitehy or asphaltic nature. Such materials 
become soft enough to flow at high temperatures and 
become Lard and brittle at low temperatures. Since 
it Was known that the physical properties of long 
cham, high molecular weight polymers, and espe- 
стау elastomers, change much less with temperature, 
an Investigation was begun in the latter part of 1944 
at the Explosives Research Laboratory looking toward 
the development of a castable propellant based on 
potassium perchlorate and a suitable high polymer. 

It was clear from the start that the most desirable 
maternal would be oue which was initially a liquid 
of moderate viscosity and which could be converted. 
after casting. to a rubbery polymer by chemical ac- 
tion at not too high a temperature. Materials with 
these properties are not eommon, particularly when 
the added qualifications are made that the initial 
liquid should not be highly volatile and that its poly- 
merization should not be accompanied by large shirini 
age. The earliest development made use of a thermo- 
plastie mixture of ethylcellulose and eastor oil. A 
29/19 mixture of ethyleellulose-castor oil and po- 
{алиш perchlorate showed some advantages over 
Galait. This mixture. was nnproved ballistically by 
the addition of 5% of alnminum flake. It was still, 
however, subject to too narrow useful temperature 
limits. 

lhe next development was based on the General 
Electric Companys Permafil resins. These resins are 
sulliciently flud originally to permit casting a suit- 
able mixture with potassium perchlorate at room tem- 
perature. In the presence of a peroxide eatalyst the 
Mixture sets up overnight at 60 C to a gel of about 
the consistency of art gum. After polymerization the 
inxture does not flow at 140 F and 1s still rubberlike 
at —40 F. The recommended composition is 


74.99% potassium perchlorate, 

0.5% 
07 
0.33% 


carbon black, 
Perman] 2851, 


(-bDnivl perbenzoate. 


Lhe process involves grinding the perchlorate to a 
controlled particle size; mixing the ingredients in a 
kettle or dough mixer, preferably under vaeuum; 
casting m suitable metal molds; heating at 60 Е for 
two days; removing the easting from the mold: and 
applying the restrieting material to the casting. 
The product obtained in this fashion has a speerfie 
impulse of 170 seeonds at 1,000 psi and optimum ex- 
pansion, a density of 1.81 g per ес, an exponent of 
0.70 m the bnrnmg law, a burning rate of 0.72 1n. 
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per second at 1.000 psi and O FP, and a restriction 
ratio of 182 under the same conditions, The tempera- 
tnre coefficient of pressure, thrust, and burinng time 
at constant restrielion. ratio 15 0.6%. per degree 
centigrade. 

This development was so promising that a pilot 
plant for further study of the preparation and prop- 
erties of cast perchlorate propellant was designed 
and had been partly constructed by the time hostih- 
ties ceased, Further work remains to be done, par- 
ticularly to secure neutral burning and to permit 
vesinetion of burning surfaces for low temperature 
firings. before the cast perchlorate propellant ean be 
considered a completed development. There seems 
to be no reason to doubt, however, that this addi- 
tional work can be carried through successfully. 


6.9 CAST DOUBLE-BASE POWDER" 


During the course of World War 11 it became ap- 
parent that there were needs for giant grains of rocket 
propellants for a number of important. applications. 
These appheations meluded towing of "Snakes? for 
mme clearance, assisted take-off of aircraft, and the 
launching and propulsion of guided missiles. By the 
fall of 1944, two tvpes of rocket propellants, molded 
composite propellant and Galcit (see Sections 6.2 
and 6.4). had been developed to fill these needs. While 
both these materials had many excellent characteris- 
tics, they had one defect in common: both produced 
large volumes of white smoke on firing. This made 
them unsmtable for many applications. Double-base 
powder, by contrast, 1s smokeless, but, unfortunately, 
no fabrication method existed which was suitable for 
the preparation of sufficiently large grains of double- 
baxe powder for these applications. 

In the fall of 1944 work was begun at the Explo- 
sives Research Laboratory looking toward the devel- 
opment of a method of fabricating very large grams 
of donble-base powder by exploiting the tendency of 
nitrocellulose strands or granules to swell and coalesce 
when immersed in a suitable solvent. It was hoped 
that a solvent which was sufficiently nonvolatile, suffi- 
ently active, and which. had adequate explosive po- 
tential conld be devised by mixing a liquid explosive 
such as nitroglycerin with some reasonable proportion 
of a nonvolatile nonexplosive material. It seemed 
possible that when the shirry of finely granulated 
nitrocellulose-base propellant was mixed with the 


hThis section 15 constructed from information supplied by 
John Е. Kineaid,7680 
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solvent the granules of casting powder would coalesce, 
due to the diffusion. of Liquid into the nitrocellulose 
and the resulting increase iu the volume of the solid 
phase. Iu preliminary experiments to test this hypoth- 
esis, a nuüxtnre of 80 parts of mitroglycerim and 20 
parts of diethyl phthalate was chosen as solvent for 
the mitial test. А ball powder having a mean. ball 
diameter of 0.020 in, was available. The initial cast- 
mes were prepared by forming a slurry of the two 
ingredients, evacuating to remove alr, and curing for 
two days at 60 C. Partial burning of the castings at 
5.000 psi indicated that they were of excellent quality, 
The partially burned surfaces were perfectly smooth, 
aside from a faint surface pattern reminiscent of the 
original heterogeneous. structure of the slurry. Be- 
cause this preliminary. experiment was so successful, 
serious attention was immediately given to the devel- 
opment problems involved. 

In January of 1945, enough experimental data had 
been collected to make it reasonably clear that the 
process worked esseutially as outhned above, and the 
mdustrial development of the process appeared to be 
a feasible nidertakimg. At that time a new principle 
lor controlling the burning rate; temperature cocti- 
cient, and pressure. exponent of double-base propel- 
lants was suggested by the California Institute of 
Technology. The proposal was that a number of 
strands of some material having good ballistic char- 
acteristics be imbedded in an eud-burning charge of 
double-base powder in the form of long strands run- 
ning parallel to the axis of the grain. It is neeessary 
that these strands be faster burning under all operat- 
ing conditions of temperature and pressure than the 
matrix which surrounds then: and that they be tightly 
bonded to the matrix so that burning cannot proceed 
down the junction of the two matevials. This method 
of controling the ballistic characteristics of cast 
double-base propellants was particularly attractive 
since the material of choice for the rate control 
strands, solvent-extrnded composite propellant was 
at hand as the result of an earlier development (see 
Section 6.3). Solvent-extruded composite propellants 
have excellent. ballistics. They produce smoke on 
burning aud they are difficult to prepare in large 
webs, but these two disadvantages were not of im— 
portance 1n their use as rate control strands, since 
the proportion required (1 to 297) was too small for 
the smoke to be significant, and the rate control 
strands need not have large diameters. 

The combination of the casting process for fabricat- 
ing double-base powder with the rate control plan in- 
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troduced the possibility of preparing propellants corm- 
bining all the advantageous properties of both straight 
double-base and solvent-extruded composite propel- 
lauts. These included the good mechanical properties, 
smnokelessuess; and е impulse characteristic of 
double-base propellants, with the flexibility of burn- 
nig rates and low temperature coefficients charac— 
teristic of the composite materials. The unique. ad- 
vantage to be gained by such a gram (later christened 
Type 1 castings) may be illustrated by discussing an 
old problem frequently encountered. In double-base 
powders and to some extent im composite propellants, 
there exists a correlation between the flame tempera- 
ture and the burning rate of the materials. The faster 
burning matertals, having high flame temperatures, 
are required for many applications. At the same tune 
low flame temperatures are frequently desirable im 
order to eliminate flash and reduce nozzle erosion 
and motor heat-up. It can be seen that the rate con- 
trol plan offered, for the first time, the possibility 
of independently controlled flame temperature and 
burning rate, smee the burning rate сап be varied 
by variations in the rate control strands which con- 
stitute too small a proportion of the entire charge to 
be thermochemically significant. 

Until the proposal of the rate control principle, 
the research objectives of the group working on the 
cast double-base process had not been clearly defined, 
since attention was directed toward a general study 
of the significant features of the process. After this 
plan became available, however, it was clear that an 
end-burning charge conld be constructed having a 
diameter of 8 to 9 in. and operating at a pressure of 
1.500 psi or less, which would deliver a thrust of 
1.000 Ib. Such a charge would be smokeless, сопа be 
loaded imto the currently available Aero Jet motors, 
and, since it was end burning, would completely fill 
the available motor space aside from the volume re- 
quired for restriction and а reasonable clearance. 
This charge was considered to be an ideal answer to 
the Navys need for an 8-second, 1,000-Ib. thrust, 
smokeless unit for the jet assisted take-off of aircraft 
from carriers, and the development of this charge 
was made the top objective of the group. 

The status of this development program when 
NDRC work was terminated in November 1945 15 


outlined below. 


6.5.1 Composition 


The effect of variations in composition on the 
mechanism of consolidation has been extensively 


studied at the Explosives Research Laboratory and 
at Cornell University. The significant variables ap- 
pear to be well understood. For example, it has been 
demonstrated that matrices of good quality can be 
obtained consistently. The effects. of varying the 
composition of the casting powder and/or the com- 
position of the solvent have been thoroughly studied, 
aud it has been possible to find quick solutions for 
the development difficulties which have arisen from 
time to time. The composition of the casting powder, 
casting solvent, and rate control strands which are 
currently standard for this application. are given 


below. 

Casting Powder Per Cent 
Nitrocellulose (13.15% N) 74 
Nitroglycerm 20 
Diethyl phthalate 5 
Centralite 1 
Carbon black (added) 0.5 

Casting Solvent Per Cent 
Nitroglycerm 65 
Dimethyl phthalate 34 
Centralite 1 

hate Control Strands Per Cent 
IXCIO, 56 
Carbon black 9 
Nitrocellulose (12.6% N) 25 
Casting solvent Ө 
Centralite 1 

o Fabrication Methods 


Two fabrication methods are currently favored. 
One, thoroughly studied by the Division 8 group at 
the Allegany Ballistics Laboratory, 1s known as the 
increment method. In this method the grain is fabri- 
cated by successive additions of casting powder and 
solvent 1n increments to the container. A previous 
evacuation of the ingredients allows the formation of 
a product free of holes. The ingredients are mixed by 
carrymg out the addition with the contamer mounted 
on a shakmg machine of industrial design. The rate 
control strands are held in place by spiders at the top 
and at the bottom of the contamer and are mounted 
In place before the addition of the other components. 
Another method proposed and mitially developed by 
a group working at the Kenvil Plant of the Hercules 
Powder Company is known as the botlom-fulling meth- 
od. In this method the evacuated casting powder and 
the rate control strands are placed in the container 
before any solvent is added. The evacuated solvent 
is then flowed into the container through a hole ın the 
bottom under a gravity head. The bottom-filling 


104 


PROPELLANTS 





method has received somewhat less attention than the 
Increment loading method, but experience with it has 
been highly favorable, and it is anticipated that this 
method will be an excellent industrial fabrication 
technique. 


6.9.3 Restriction 


After preliminary. experiments it was decided that 
end-bnriung grains of the type desired. could best be 
prepared by casting the components into a plastic con- 
tainer which would then serve as the restrictive coat- 
Ing withont additional modifications. his method has 
proven to be highly snecessfil and convenient. After 
an investigation of a large number of plasties, includ- 
Ing Saran, a number of viny} polymers, Bakelite, 
Beetle, cellulose 
Lucite, ethylcellulose, and polystyrene, the field was 


acetate. cellulose acetate butyrate, 
narrowed to cellulose acetate. ethylcellulose, and Im- 
cite. Other materials either proved to be too inert to 
bond with the castings, e.g., Saran, or softened too 
readily under the influence of the uitroglvcerin, e.g., 
cellulose acetate butyrate. Currently, cellulose acetate 
is regarded as the best material for restrictive con- 
tainers. The containers actually used have been largely 
fabricated by a convolite wrapping method from 10- 
mil cellulose acetate sheets, but an injection molding 
method appears feasible and should be investigated. 


6.5.1 . Service Evaluation 


Approximately 200 grains 815 in. in diameter and 
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weighing 40 to 75 lb have been prepared. Evaluation 
of the experience gained with these grains and with 
some 1.400 subcaliber units + in. in diameter leads to 
the following conclusions. 

Grains which have satisfactory ballistie characteris- 
tics at room temperature and elevated temperatures 
can be consistently prepared. There remain some difti- 
culties with low-temperature firmg behavior and with 
cycling, but it appears probable that additional devel- 
opment will solve these dificnities. The high-tempera- 
ture aging characteristics of the centralite-stabilized 
composition given above are not so good as would be 
desirable, and considerable effort has gone into the 
study of this characteristic. Failure on storage at high 
temperatures is caused by the formation of gas within 
the grain. Gas formation is a normal phenomenon for 
double-base powders, but difficulty with it had not ap- 
peared nntil rather large grains were fabricated. This 
is due to the ease with which the gaseous decomposi- 
tion products can diffuse through thon web materials. 
It has been observed that the substitution of carbazole 


for centralite as a stabilizer causes an enormous in- 
crease in the high-temperatnre storage life. While 
carbazole-stabilized. materials аге unsatisfactory, due 
to ditheulty with consolidation. a new stabilizer, 2 
nitrodiphenylamine, has been discovered which, it is 
hoped, will have the advantageous characteristics of 
both centralite and carbazole. The possibility that the 
normal exothermal decomposition reaction of snch 
large grains would cause self-heating and eventual 
spoutancous explosion has been carefully studied, and 
it has been found that no difficulty from this can be 
expected with solid grains 810% in. in diameter. It is 
probable that very much larger grams can also be 
safely prepared. 

It seems probable that cast double-base propellants 
are a nearly ideal material for the fabrication of very 
large grams for thrust applications. Type I grains, 
those having axially dispersal rate control strands, 
appear to be particularly suitable for thrust units 
having burning times of 8 seconds or more, and thrusts 
of 500 to 2,000 Ib. Double-base castings withont rate 
control powder (Type О), or castings containing rate 
control powder m the form of uniformly dispersed 
granules rather than long strands (Type II), can be 
used for the fabrication of single or multiperforated 
orains having short burning times and high. thrusts. 
Since such short-burning, high-thrust wuts appear to 
be badly needed for the lannching of guided missiles, 
additional development work on Type О and Type II 
castings is very much in order. Development of these 
materials has thus far been of a preliminary character 
only, since so much emphasis was placed on the devel- 
opment of the Type I castings. 

А number of specific recommendations for future 
work are possible in the light of this experience, The 
more 1niportant of these follow. 

1. Type О and Type HH castings should be carefully 
investigated. 

2. The consolidation and ballistic characteristics of 
castings prepared from casting powder containing low 
nitrogen (12.6 or 12.2% №) rather than high nitrogen 
(13.15% №) stock should be investigated with the cz- 
pectation that the consolidation characteristics of such 
casting powder will be mnch better than those of the 
standard powder now in use. This would allow the 
preparation of many compositions which would not 
consolidate well if nitrocellulose of high nitrogen con- 
tent were used m the casting powder. 

9. 2-Nitrodiphenvlamine, and, possibly, other sta- 
bilizers. require caveful and large-scale evaluation, 1n 
view of the observation at the Explosives Research 
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Laboratory that. the. rate of gas production from 


double-base powder varies enormously with the 
stabilizer, 

4. Additional study of the fabrication of contain- 
ers and of their storage life at normal ambient tem- 
peratures needs to be carried ont. An injection mold- 


ing method of fabrication is particularly recommended. 


66 NOZZLE DESIGN AND MATERIALS' 


The work of the Explosives Research Laboratory 
on the development of new jet propellants. described 
li Sections 6.2 to 6.9. required the construction of 
motors for static firme tests. As interest in jet pro- 
pellants turned to large long-burning charges. the 
problem of erosion of the motor nozzles became acute. 
Large numbers of charges had to be tested, and the 
fabrication of nozzles was both expensive and a seri- 
ous burden on machime-shop facilities; Further, no 
adequate conclusions could be drawn about the be- 
havior of a single propellent charge unless the throat 
area of the nozzle remained. essentially constant dur- 
ing the burning. For these reasons the requirements 
for test motors are niore severe than for Service motors, 
and it was necessary to study, as a problem 1n itself, 
the design and construction of nozzles. 

The conclusions from this Sindy are consistent 
with the idea that a nozzle erodes or does not erode 
depending on whether the temperature of the surtace 
laver exceeds or does not exceed the melting point of 
the nozzle matenal. “Phere is no evidence to suggest 
that specific chemical attack ts involved or that the 
high-temperature streneth of the material is of 1m- 
portauce. The same conclisions have appeared from 
work on gun erosion. More specifically the results are: 

1. The flame temperature of the propellant is a 
major factor. Because the necessary thermodynamic 
data for the accurate calculation of the temperature 
of propellants containing large quantities of alkali 
sults are lacking. this conclusion is qualitative rather 
than qnantitative; but the difference in erosion. be- 
tween composite propellants containing 10 to 15% of 
alkali nitrate and those contannung around 50% of 
alkali nitrate are very large and unmistakable. The 
more erosive compositions with higher nitrate content 
undoubtedlv have higher flame temperatures. 

2. Erosion increases markedly with increasing 
chamber pressure. The effect 15 large and of great 
practical importance. 

iThis section 1s constructed from a summary prepared by 
L. Axelrod. 





3. Erosion is greatest at the throat and in the near- 
by regions upstream in the gas flow. Tf this region can 
be protected agamst erosion, no other need give con- 
cern except when grid supports or other obstacles di- 
rectly mterfere with the gas flow. 

4. The melting poiut of the 
prime importance. Molybdenum, which may take the 
form of a relatively small insert 1n the eritical throat 
area, has been most serviceable. Pure chromium and 


nozzle material is of 


tungsten carbide have also performed well 1n limited 
tests. Heat capacity and condnetivity are also 1mport- 
ant, since high. values lower the surface temperature ; 
copper 1х consequently more resistaut than steel. For 
the same reason the mass of the nozzle is a factor of 
inirportance, and a large, heavy nozzle 15 more resistant 
than a small, light one. Alloys. which have lower con- 
ductivity and usually lower melting. points, are less 
resistant than pnre metals. 

9. Given the same propellant and the same burning 
time, erosion 15 more severe with small charges than 
with large charges because the former require the use 
of small nozzles. This conclusion is definite and based 
on comparative tests with two different propellants. 
The effect probably arises from the fact that nozzle 
mass and heat capacity vary as the cube of the hnear 
dimension, heat transfer as the square. 

6. The geometry of nozzle and of nozzle entrance 
area are of overwhelming importance. Designs based 
on Qualitative considerations of reducing turbulence 
in the gas flow have led to a great decrease 1n erosion. 
Unfortunately no quantitative theory is available but 
Fieure 2 ithistrates the points which have been found 
empirically to be significant, 

a. The gas former region should be the frustum of a 

cone extending to the full diameter of the motor. 
A 45° angle is satistactory. Reverse enrvatures 
(S-shaped configurations) have not performed 
well, probably due to the fact that a small radius 
of curvature becomes necessary m the entrance 
if the curvatures in the gas former, entrauce, and 
throat are to blend well into one another. 

b. The gas former should be tangent to the curva- 
ture of the entrance of the nozzle. The radius of 
curvature p of the entrance should be as large 
as possible. 

c. This curvature shonld carry through the throat 
and blend smoothly into the expansion cone. 
There should be no straight portion at the throat. 
Nozzles designed according to this scheme lave 
the same radius р, about a center /’, from the 45° 
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cone through the throat and to the 50° expan- 
S1011 cone. 

d. All irregularities should be avoided aud finish 
should be smooth, though a high polish has not 
appeared to be necessary. 

e. The wall thickness of the nozzle and hence its 
total mass can be adjusted by cut and try pro- 
cedures to the propellant and burning time con- 
cerned. 


f. The expansion angle has little effect on the eth- 
clency of the nozzle, provided the angle 1s be- 
tween 20? and 40°. 





АВ = GAS FORMER REGION 
BC: ENTRANCE TO NOZZLE 


FIGURE 2, Geometry of nozzle and nozzle entrance area. 


With nozzles designed in this way of steel or, for 
niore severe conditions, of copper, satisfactory per- 
formance for single shots has been attained with all 
of the charges of interest to this laboratory. Most 
nozzles will also withstand numerons repeated shots. 

Some special observations have been made on par- 
ticular materials. Steel nozzles of proper design to 
Withstand repeated firings usnally fail by the appear- 
ance of checks on the throat. These checks enlarge to 
cracks in which extensive erosion then takes place. 
Under the same condition copper fails, if it fails at all, 
by actnal melting. Comparative tests under highly 
erosive conditions showed that the resistance of tron 
alloys decreased in the order $5501, SAE 2515, 
55440, 5542321, and Armco iron. Tests on steel and 
copper nozzles coated with tungsten, molvbdeniun, or 
chromium showed httle if any advantage gamed by 
the coating. Iu one nozzle a thin sheet of tantalum was 
rolled inside а steel nozzle to couform to its contours. 
This survived several shots, after which blisters 
formed and eroded. The chief difficulty with all types 


of coatings is to obtain sufficient adherence to the base 
metal. Most coatings tear off during the tests. 

Graphites investigated in the form of large inserts 
supported tn steel were the C-18, АЧХ, A12, and 
АМЕ grades of the National Carbon Company. They 
had densities varving from 1.52 to 1.69. The lower 
density grades tend to erode, the higher density ones 
to crack. Usable nozzles for some applications have 
been made, but well-designed metal nozzles are prob- 
ably more reliable. 

Many ceramic materials have been tried. as mserts. 
All eroded and many cracked from thermal shock. In 
view of their heht weight and economy m mass pro- 
duction they may well deserve further study, particn- 
larly in the direction of using very high-melting ox- 
ides bouded with a miniminm amount of fluxme agent. 


6.7 ALBANITE POWDERS! 


At the outset of World War I, an urgently needed 
niprovement 1n gun performance was the elimination 
of secondary flash from 6-11. to 8-1n. caliber cannon. 
Lhe current propellant of least flashing tendency, 
namely FNH with incorporated potassium sulfate, 
did a passable job in guns up to 5 im., but it was ob- 
jectionably smoky and it flashed m all the larger 
weapons, Early in 1942, the problem rose dramatically 
m importauce with the advent of nighttime naval 
engagements, when the blaze of fheht from the ship’s 
own guns so blinded its persounel as to interfere with 


a 


fire control. 

In Project NO-155, the Navy asked Division 8 to 
develop flashless propellants for pertinent existing 
guns. Work was begun at the lixplosives Research 
Laboratory, and, beginning in May 1948, promising 
formulas were carried into the seni-works phase 
under Contract OF Msr-763 with the du. Pont Com- 
pany ; this study led to the first proof firing of А аше 
in March 1944.5 

Preparation of pilot scale quantities of А. апе ex- 
tended from July 1944 to November 30, 1945, under 
Contract OK Msr-1555, also with the du Pont Con- 


This section is constructed from a report written by Н. 
H. Holmes. 

kFor details of the work done at the Explosives Research 
Laboratory, see reference 83; for details of the work done at 
the Burnside Laboratory of the Explosives Division of E. 1. 
du Pont de Nemours & Company, see reference 84. Small- 
scale studies of the preparation and properties of solventless 
powders containing DINA and other materials in place of 
nitroglycerin are reported from the California. Institute. of 
TechnologyS5 and are discussed 1m Section 6.10. 
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pany. The success of the powder in medium-sized guns 
prompted its trial in cannon as large as 16 1n. and in 
smaller weapous down to 40 mm, the latter with the 
hope of obtaining ammunition which is at the same 
time smokeless and flashless. 

The only promising solution of the problem lay ma 
propellant having a flame temperature lower than that 
of Pyro or ENEH. The low heat evolution and high gas 
volume of nitroguanidine strongly recommended its 
use; indeed, nitroguanidine had been tested several 
times during the last fifty years and had been rejected 
principally for lack of a ready supply m this country. 
By 1942 Canada was making nitroguanidine In com- 
mercial quantities, and the British were using In 
some of their guns the following composition, called 
Cordite N. 


Nitrocellulose (13.1% N) 19.0 parts 


Nitroglycerin I Ж 
Nitroguanidine S4 m “© 
Ethyl centralite 75 « 
Cryolite (IX3 AIT) 03 “ 
Chalk O 


Cordite N is about equal in force to Pyro and NH, 
and its estimated flame temperature 1s 2430 N, as com- 
pared with 2580 K for the two American powders. Two 
disadvantages discouraged its adoption by the United 
States: (1) the health and explosion hazards of nitro- 
elvcerin volatilization and (2) the low mechanical 
strength of the composition iu multiperforated grain 
form, especially at low temperatures. Samples of Cord- 
ite №, with 1.5% 1,80, added, were made at the 
Nobel Works of Defense Industries, Limited, for the 
Navy 6-in./47 gun; in tests at the Naval Proving 
Ground, the powder gave essential flash suppression 
under severe conditions and was superior to the best 
single-base combination, FNH + 4% К,50,. Cordite 
N later was proved flashless in major caliber cannon, 
and the Маху procured several million pounds from 
Canada as a temporary expedient; the fleet, however, 
never used it in regular operations, so that the experi- 
ments served principally to clear the way for a nitro- 
guanidine formula containing a less volatile substitute 
for nitroglvcerin and having good physical properties. 

The physical incompatibility of nitroguanidine with 
nitrocellulose demands a high proportion of plasticizer 
in order to secure workability and strength in the fin- 
ished colloid. Tt follows that most of the plasticizer 
content must have explosive potential. A paper survey 
of the explosives field eliminated most compounds on 
one or more of the following counts: volatility, lack of 
plasticizing action, chemical instability, sensitiveness 


to detonation, hygroscopicity, unavailability. The re- 
maining candidates then were prepared and incorpo— 
rated into a propellant formula sinnlar to Cordite №. 
The candidates were: 


Common Name Chemical Name 


Emmett Ethyltrımethylolmethane trinitrate 
GGTN Glycerol monoglycolate trinitrate 

GLEN Glycerol monolactate trinitrate 

DINA Bis-nitroxyethyl nitramine 

Fivonite Tetramethyloleyclopentanone tetranitrate 
Sixonite Tetramethyloleyelohexanone tetranitrate 


“тте was rejected for lack of solubility in nitro- 
cellulose and because 1t was about half as volatile as 
nitroglycerin. GGTN was dangerously unstable in the 
free state and in propellent mixtures. GLUT N was un- 
attractive because of difficulty in preparing the mono- 
lactate free from unesterified glycerol. Sixomte proved 
generally similar to l'ivonite but had a lower potential 
with no compensating advantages. Of the two remain- 
ing explosives, DIN А exhibited fair plastieizing action 
and was only one-tenth as volatile as nitroglycerin, and 
Fivonite was still less volatile, but compared with 
DINA 1t was relatively low in potential and was à 
poor plasticizer. In view of the current emphasis on 
low volatility and the urge for speed in development, 
DINA emerged as the most expedient material. 

Propellant manufacturing techniques and mgre- 
dients then were studied on а 10-1 batch scale with a 
4-in. diameter extrusion press, pointing for a medium- 
caliber powder which could be made in the plentiful 
American solvent-type equipment. Pyro nitrocellulose 
(12.606 N,8- to 20-second viscosity at 10% 1n acetone: 
alcohol) produced the toughest and most workable 
colloid out of a ist including 13.15% N blends of 13.4 
and 12.6, with high, normal, and low viscosity ; 13.0% 
N direct-nitrated ; 12.0% N direct-nitrated. Various 
combinations of acetone, ethyl ether, and ethyl alcohol 
were tried as volatile solvents, and acetone-alcohol 
from 1/1 to 2/1 was chosen on the basis of workability 
and ingredient dispersion. Mechanical grain strength 
was markedly improved by replacing part of the cen- 
tralite with a more active nonexplosive plasticizer, e.g., 
dibutyl adipate, dibutyl phthalate, triacetin, or DNT 
oll. (Other effective, but less attractive, adjuvants 
were Nylon, Neoprene, or ethylcellulose. Surface active 
agents such as soya lecithin or steavylamine were only 
slightly effective.) The manufacturing process com- 
prised mixing at 45 C with 13 parts acetone-alcohol 
per 100 parts powder formula, blocking, extruding in 
multiperforated form, cutting to the same grain lengtli 
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as corresponding NH powders and drymg m ar at 
50 € for 5 days more or less, depending on web size. 
Out of this research caine the Albanite formula. 


Nitrocellulose (12.665 №) 20.0 parts 


DINA ngo cw 
Nitroguanidine mo) ЖШ. 
Dibuty1 phthalate 40 “ 
Ethyl centralite | E 

100.0 “ 


К.О, to suit pertinent weapon (1.5 

parts 450, for 6-in./47 gun) 0 to 5 parts 
Volatile solvent (approx) O27 EC 
Moisture, less than Oi 


Adiabatic flame temp (1.57 KeSO,) 2390 К 
Potential (Cy To, cal/g) S70 

Force relative to Pyro powder 98% 
Burning rate relative to Pyro (approx) 15% 


А sample of Albanite. meeting standard ballistic 
specifications. was fired imi the 6-1n./47 in comparison 
with (1) an analogous sample made with Fivonite, 
meme Mee lao S0, (з) Pyro + 4% 
К,50, and (4) regular Pyro, Albanite and its Fivon- 
ite analog were essentially flashless under the most 
severe conditions. They were marginally superior to 
Cordite N, and all the mtroguanidine powders were 
far superior to the Pyro samples which gave bhnding 
flashes of greater or less intensity. 

Albanite has these further advantages over Pyro 
and NIT: low hvgroscopicity (0.8% moisture at equ- 
librium in 90% relative humidity at 30 С), and low 
residual solvent content, both making for ballistic 
stability: and a reasonable expectation of lower gun 
erosion rate. NDRC, Division 1, tests at the тапкі 
Jnstitute place Cordite N and Albanite among the least 
erosive of current propellauts.?^ Navy gun firings have 
demonstrated double gun Пе for Cordite N versus 
Pyro, and performance at least as good 1s expected for 
Albanite. Its chemical stability appears assured in that 
sanples have withstood storage at 65.5 C for more than 
(wo years without a failure.?^37.7? Its grain strength, 
according to side impact test. is only about 70% of 
Pyro or NE at —20 C, but is 170% of Cordite N at 
the same temperature. 

Phase equilibrium studies at Cornell University’! 
showed that DIN X is soluble in Pyro nitrocellulose to 
the extent of only a 25/77 ratio at 26 C. The rate of 
crystallization of DINA from a 50/50 supersaturated 
colloid, however, is very slow. Microscopic examina- 
tion of finished Albanite grains revealed some 5% of 
the DIN A ervstallized ou or near the surface, but the 
proportion of crystals did not. tmerease appreciably 
during several months’ storage, and по significant 


internal crystallization was detected. A storage pro- 
eram coupled with closed chaniber burning rate tests 
revealed no change ni ballistic properties during 9 
mouths’ storage at the following temperatures: —40 
C; + 40 C; cycling between —40 C and + 40 С; at- 
inospherie temperature. Special tests proved that sub- 
stantially по DINA dust can be removed from the 
grain by tumbling. The crystallization of DIN A, there- 
fore, is not regarded as an important quality factor. 

An analytical procedure for estimation of the pro- 
portions of the ingredients in А атте was developed.*> 
Toluene is used to extract DINA, centralite, and 
dibutyl phthalate. DI NX is deternuned by volumetric 
reduction with ferrous ion, centralite by volumetric 
bromination, and dibutyl phthalate by difference. Ni- 
trocellulose is weighed as such after water extraction, 
and potassimim sulfate is deternuned by a conventional 
method in the water solution. Nitroguanidine is estl- 
mated by difference. 

Although the solvent-wet colloid and finished. Al- 
bamite are insensitive to detonation by 100 grams of 
60% straight dynamite, dry mtroguamdine and its 
mixtures with nitrocellulose are cap sensitive. Further, 
the wet colloid contains so little solvent that its burn- 
ing rate in mixers and presses 15 several times higher 
than single-base colloid, approaching that of 40% 
double-base solvent-tvpe powder. It was unsate, there- 
fore, to make large trial lots m existing single-base 
factories where the operators are directly exposed to 
the equipment. Since suitable American capacity was 
not avallable in the summer of 1944, it was arranged 
to make three lots? at the Winnipeg Works of De- 
fense Industries Laboratory, using DINA and Pyro 
(wood pulp). nitrocellulose made at de Salaberry 
Works: 

46.400 lb for 6-i1n./41 
lot VC-66-E XN 
3,000 lb for 8-1n./55 
lop DS 
15.000 Ib for 16-m./15 (3% Kap 

lot VC-96-EXN. 


(1.5% K,80,) 


(5% K,80,) 


Manufacture was carried out 1n the machines regularly 
used at Winnipeg for Cordite N. Crystalline DINA 
was dissolved mm acetone, and the solution added to 
the other ingredients m a kneader holding about 430 
Ib of powder formula. The mixed colloid was hand- 
tamped directly into S-in. vertical extrusion presses. 
There was no macerating. blocking. or macaroni 
pressing equipment. Considerable experimentation 
and extension of mixing time were required to arrive 
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at a treatment which would completely disperse the 
nitrocellulose without the use of excessive quantities 
of volatile solvent. Especially in the 8-in. and 16-1n. 
eranulations. porosity in the form of solvent-air bub- 
bles resulted in variable burning rates from batch to 
batch, and it was indicated that blocking and macaroni 
pressing might be required 1n eventual full-scale manu- 
facture. Although careful bomb firings of batches and 
subsequent blending resulted in acceptable lot quick- 
ness, the finished grains were objectionably porous. 

In proof firings in the respective guns, all three lots 
were flashless. Smoke density was greater than with 
standard flashing powders, as expected, but was Judged 
acceptable by modern battle standards. Lots VC-97- 
EX and VC-96-EX performed within the velocity and 
pressure specifications, and gave satisfactory velocity 
uniformity. Although lot VC-66-EX (6-1n./47) dis- 
plaved poor uniformity when initially fired, later 
trials, in which the previous round effect was elimi- 
nated, resulted in generally satisfactory uniformity 
and acceptable velocity and pressure levels. 

At the conclusion of these tests iu the spring of 
1945, a practical solution of the problem appeared 
within reach. processing difficulties notwithstanding. 
In the interest of speeding the development, the com- 
position for the time being was regarded as fixed, and 
the final steps—process improvement, preparing addi- 
tional proof lots for large guns, and arranging full- 
scale manufacturing facilities—were started almost 
simultaneously. 

An OSRD pilot plant had been under constrnetion 
at Burnside Laboratory since September 1944. Tt was 
designed for the safe investigation of hazardous pro- 
pellent mixtures in full-sized machinery, and to this 
end the mixers and presses were surrounded with 10- 
in. reinforced coucrete walls, covered with a light roof 
and remotely controlled. The principal equipment 
items were a solvent mixing tank, two 50-gallon 
Werner-Pfleiderer mixers, one macerator, опе 1154-1n. 
blocking press, one 12-in. vertical extrusion press (also 
used for macaroni pressing), two cutting machines, 
and an air-drying house. Operation began on Albanite 
in February 1945. Between that date and November 
1945, in the course of process studies some 200,000 Ib 
of Albanite were made at Navy request.?" 

In view of the fact that DINA, either crystalline 
or molten, is almost as sensitive as nitroglycerin, 1t 
was desensitized at the Eastern Laboratory nitrating 
plant by mixing 90 parts molten DINA with 10 parts 
dibutyl phthalate.?! The mixture, termed DDP, was 
received at the Albanite plant as a relatively insensi- 


tive frozen mass in metal pails of 50 lb net weight. 
The DDP was then melted by surrounding the pails 
with water at 70 C, and was poured into a solvent mix- 
ing tank, which already contained the acetone and 
additional dibutyl phthalate called for by the powder 
formula. The resulting “solvent mix” was ready for 
addition to alcohol-wet nitrocellulose, nitroguanidine, 
and potassinm sulfate in the powder mixer. 

A mixing treatment of about 2 hours at 45 C jacket 
temperature, with 300 lb net powder per charge, was 
required to disperse the nitrocellulose. The colloid was 
then cooled and stiffened by evaporating part of the 
volatile solvent in the macerator, after which it was 
blocked at 1.000 psi. Efforts to extrude the powder at 
this stage resulted in a highly porous grain. Greatly 
improved consolidation was obtained by macaroni 
pressing and reblocking prior to extrusion, and nearly 
all lots submitted for gun trials were made in this 
way. Even so, a variable degree of porosity persisted, 
particularly 1n the larger granulations, with the result 
that succeeding batches made under apparently 1den- 
tical conditions varied as much as 15% in quickness. 
This factor probably accounts for the failure of several] 
lots to meet ballistic specifications and must be rem- 
edied in future research. 

Basic lead carbonate was incorporated in some of 
the more recent granulations as an experimental de- 
coppering agent, with the hope of replacing the conven- 
tional lead foil. 

Four press explosions occurred in the pilot plant. 
all of which were believed due to compression of ace- 
tone-air pockets. One was violent enough to blow out 
the extrusion die and remove the building roof, but 
In no case was the press cylinder ruptured. The barv- 
ricades served to prevent personal injuries. 

In July 1915. the Маху requested facilities for Al- 
banite manufacture at a rate of 4,000,000 lb per 
month. On the basis of equipment capacities deter- 
mined at the DIN A and Albanite pilot plants, plans 
were laid to make DIN A at Holston Ordnance Works 
and the propellant at Indiana Ordnance Works. The 
end of the war interrupted the program at the de- 
sign stage. 

It has so far been demonstrated that nitroguanidine 
propellants are thermally and ballistically sound where 
flash and erosion are important considerations. Time 
now being available for more extensive research, the 
Albanite formula should be reviewed with emphasis 
on reproducibility of burning rate. The nitroguanidine 
used up to date 1s now known to be relatively coarse 
by modern British standards, and a smaller crystal 
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size may improve consolidation of the colloid. A plas- 
ticizer better than the DINA-dibutyl phthalate com- 
bination тау exist.:?? buw NENS and certain related 
explosives are known to be more soluble m nitrocel— 
lulose than is DINA, and diethylene glycol dinitrate 
deserves evaluation. Surface active agents might be 
of considerable help. Less promismg are changes 1n 
type of nitrocellulose or volatile solvent. It is intended 
to carry on the work under Navy auspices. 


6.8 RDX POWDERS! 


The problem of improved gun propellants was up 
for discussion soon after the formation of the National 
Defense Research Committee. Both military and com- 
mereial propellants in this country had for decades 
used nitrocellulose or nitrocellulose-nitroglycerin mix- 
tures as their principal explosive Ingredients. It seemed 
probable that other materials with explosive potential 
could be used to advantage, and the investigation of 
new gun propellants was, therefore, made a part of the 
work of the Explosives Research Laboratory.*? Since 
Burnside Laboratory, as the smokeless powder research 
laboratory of the du Pont Company, had equipment 
for and experience in this kind of work, a contract was 
negotiated to cover the study of propellants contaming 
crystalline high explosives.** 

While existing facilities were being modified so that 
experimental batches could be made safely on а 10-1 
scale, the Explosives Research Laboratory. examined 
a variety of propellent compositions on а 1-1) scale. 
The immediate goal of the investigation was to develop 
propellants capable of giving higher velocities than 
existing powders without exceeding permissible gun 
pressures and having as favorable flash, smoke, and 
erosion characteristics as possible. Calculations were 
made both at the Explosives Research Laboratory and 
at Burnside Laboratory for the selection of ingredi- 
ents which could be used to this end. The calculations 
at Burnside were based on Hirschfelder’s thermochent- 
ical work carried out for NDRC Division 1.°° 

The computations indicated that a combination of 
a high explosive with a strong deterrent would result 
in a powder of high potential with a relatively low 
adiabatic flame temperature. The latter 1s conducive 
to low gun erosion and reduced tendency toward muzzle 
flash. An investigation of explosives including TNT, 
PETN, DINA. КОХ, tetryl, picrates, nitroguanidimne, 
nitrocellulose, and numerous less familiar explosives, 
revealed RDN to possess the greatest thermochemical 


"This section is based on information supplied by W. F. 
Jackson. 


advantage. From а long list of deterrents, butyl stea- 
rate was selected as the most promising. 

A propellent composition for cannon was then for- 
mulated, usmg RDN and butyl stearate with nitro- 
cellulose as a binder to permit granulating. It was this 
type of composition which was investigated for ballis- 
tic, physical, and chemical properties. 

It was obvious from the variety of. ballistic prob- 
lems involved that a stugle composition could not sat- 
isfy all the requirements in existing guns. А high- 
velocity cannon powder could not be flashless nor would 
it be suitable for rifles; Accordingly. adjustments had 
to be made 1n the composition to conform with the 
properties desired. The proportion of deterrent had 
to be lowered substantially in order to obtain sufficient 
potential for rifle powder. This permitted such small 
quantities of butyl stearate in the composition that 
dibutyl tartrate or triacetin was substituted in rifle 
compositions to assure adequate plasticization. Five 
compositions received particular attention: ССІ, a 
flashless cannon powder with normal ballistics and re- 
duced erosion: CCR, a high-velocity cannon powder 
with normal flash and erosion: CTI, a flashless rifle 
powder with reduced smoke, normal ballisties, and 
reduced erosion; CR, a high-velocity rifle powder 
with normal erosion: CRS, а super-velocity rifle pow- 
der with increased erosion. The basic formula of each 
is given in the following tabulation: 


CC] СС? CRI СКИ 
Nitrocellulose (12.665 N) 37.5 36.5 47.0 50.0 36.5 
RDA 500.0 53.0 47.5 45.0 60.0 
Diphenylamine 05 0.5 0.5 0.5 0.5 
Butyl stearate 12.0 10.0 5.0 БШ 
Dibutyl tartrate dunt re T 4.5 ой 
Triacetin Ее m D E 0 


180; (added) IS -E Т 05, 0.7 


The rifle powders were ordinarily coated with dini- 
trotoluene in varying amounts in accordance with the 
ballistics desired. 

Granulations were prepared for trial in a number 
of guns, including .50 caliber, .60 caliber, 20 mm 1531, 
40 mm Army, 40 mm Navy, 75 пип Model 18977, 76 
mm M1, 3-in. M5, Navy 3-in./50, 90 mm M1, and 
Navy 5-in./38. The results of early trials were en- 
couraging.$9 For example, it was possible with the CC2 
composition to increase the muzzle velocity of medium- 
caliber cannon about 100 fps with no increase 1n max- 
imum gun pressure beyond that obtained with the 
current single-base Service propellants. On the 
strength of these observations, considerable effort was 
put forth to adapt the manufacturing process to avail- 
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able single-base powder facilities. The du Pont Mil- 
itary Explosives Division, with the cooperation of 
fastern Laboratory, engmeered the production of a 
30,000-Ib batch of RDX of suitable fineness, desen- 
sitized with butyl stearate. The Division 8 propellant 
pilot plant at Burnside Laboratory studied the powder 
grannlating process 1n full-scale equipment. 

Manufacturing details were satisfactorily worked 
out, and the propellants were found to be aceeptable 
with respect to erosion, flash, and smoke characteris- 
tics, mechanical gram strength, explosive sensitivity 
to shock, hvgroseopieity, chemical stability, and vola- 
tility, but they suffered from one serions defect: the 
balhstie mmfornuty was poor. Velocity variations 1n 
nearly all weapons were far 1n excess of those observed 
with the conventional M1, M2, or M6 compositions. 
In rifles, indications were that the uniformity conld 
be made acceptable by adding extra igniter. This would 
probably require redesigning the case m many in- 
stances to accommodate a larger primer. In cannon, 
increased ignition was tried without success. It 18 
probable that lack of ballistic uniformity 1n cannon 15 
a result of the inherent progressive burning character 
of these compositions. An unusual sensitivity of burn- 
ing rate to changes of pressure at a few thousand psi 
was observed 1n closed-vessel tests of the RDX powders. 

Further work with RDX as a powder ingredient 
would eall for fairly drastic revisions in the formula- 
tion. The ballistic advantages which would follow a 
satisfactory solution to the unitormity problem would 
repay considerable effort. 


6.9 STUDIES OF NITROCELLULOSE" 


Under the sponsorship of Division 8 à number of 
investigations of nitrocellulose were undertaken. The 
two earliest were nonexperimental surveys on the use 
of wood cellulose nitrates for munitions,?* and on the 
conversion of nitrocellulose to smokeless powder.?* An- 
other group of studies dealt with the mechanism of 
eelatinization and solution of nitrocelhilose.2??% Stil] 
another group of studies was made at the California 
Institute of Technology. »Nnos These studies will be 
considered under six separate headings. 


6.9.1 Preparation of Samples of 


Nitrocellulose 
In connection with studies of the nitrocellulose in 
smokeless powder, it is frequently necessary to extract 


mT his section is based on a summary written by Richard M. 
Noyes of the studies made at the California Institute of 
Technology. 


the other constituents, and to free the residue from 
moisture and extracting solvent. The procedures cur- 
rently employed for snch separations are discussed in 
Section 6.11.1 in connection with the determination 
of nitrocellulose in smokeless powder. Unfortunately 
1t was found that, although these procedures are sat- 
isfaetory for the determination of the percentage of 
nitrocellulose in smokeless powder, they frequently 
caused significant alterations 1n some of the properties 
of the nitrocellulose. 

Although no thoroughly satisfactory procedure has 
been developed for obtaining the nitrocellulose from 
a smokeless powder in a form suitable for fnrther 
study, 1t has been found that uncolloided water-wet 
nitrocellulose can be dried either by vacnnm desicea- 
tion at room temperature, or by heating at 70 С, Ex- 
periments at the California Institnte of Technology 
indicated that dry nitrocellulose conld be heated at 
10 € for as long as 100 hours without any detectable 
change in its properties, but that slow degradation 
occurred during the same period at 100 C.1% 


6.9.2 Fractionation of Nitrocellulose 


In connection with stndies of smokeless powder of 
unknown composition, it was often desirable to deter- 
mine the properties of the component nitrocelluloses 
which composed the blend used in the preparation of 
the powder. Therefore studies were made of procedures 
for the fractionation of nitrocellulose blends prepared 
from components having distinctly different percent- 
ages of nitrogen; no serious attempt was made in 
these experiments to extend these studies to the frac- 
tionation of unblended nitrocelluloses. 

Several nitrocelhiloses prepared by blending known 
amounts of materials containing 12.6 and 13.4% of 
nitrogen were fractionated into what appeared to be 
their original components by partial solution in 2/1 
ether-aleohol at 25 0.29 The same procedure was used 
to stndy the properties of the component nitrocellu- 
loses in several captured German propellants,!'?^9 but it 
was found that the nitrocelluloses in Japanese propel- 
lants could be fractionated more satisfactorily with 
the use of methanol.!?* 


6.9.3 Chemical Characterization of 


Nitrocellulose 


The chief method employed for the chemical char- 
acterization of nitrocellulose is the determination of 
nitrogen; procedures for this determination are dis- 
cuseed in Section 6.11.1. 

Several observations have led to the conclusion that 
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nitrocellulose may not always be sufficiently charac- 
terized bv nitrogen content and viscosity alone. Some 
attempts were consequently made to establish the pres- 
ence of groups other than nitrate and hydroxyl. Pre- 
liminary experiments. failed to indicate detectable 
amounts of aldehyde groups in the nitrocelluloses 1n- 
vestigated. and lack of time prevented fnrther studies 
along this line. 


^?! Investigations of Molecular Weight 


and Molecular Weight Distribution 
in Nitrocellulose 

Several procedures are available for determining 
the average molecular weights of linear polymers like 
nitrocellulose. Of these procedures, measurements of 
osmotic pressure, of viscosity, and of light scattering 
were selected as the most promising, and studies of 
these techniques were made. 

1. Measurements of osmotic pressure. Procedures 
were developed for determining the number-average 
molecular weights of nitrocelluloses by means of meas- 
urements of osmotic pressure. These procedures appear 
to be quite satisfactory for the study of nitrocelluloses 
in double-base powders. 

2. Measurements of viscosity. Viscosmetric pro- 
cedures are those most frequently employed for studies 
of the molecular weight of nitrocellulose. Most com- 
mercial procedures involve only the purely empirical 
correlation of the properties of nitrocelluloses in terms 
of the viscosities of concentrated solutions prepared 
from them. Since the results of measurements on these 
concentrated solutions cannot be used to calculate the 
molecular weights of the solute nitrocelluloses, most of 
the studies at the California Institute of Technology 
were made on dilute solutions of nitrocellulose. A few 
studies of concentrated solutions were also made in 
order to facilitate the comparison of measurements 
on dilute solutions with measurements by standard 
conimmerctal procedures. 

The viscosities of dilute solutions of nitrocellulose 
in butyl acetate and in acetone were measured with 
capillary viscometers, and the results of these meas- 
urements were used to calculate weight-average molec- 
ular weights. Since molecular weights obtamed by 
this procedure are only relative, it was necessary to 
obtain an absolute calibration by means of measure- 
ments on samples of known molecular weight. This 
calibration was effected by means of osmometrie and 
Viscosimetric measurements on carefully fractionated 
samplex!^ which were believed. to be molecularly 


homogeneous. 
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Measurements of viscosity on commercial nitro- 
celluloses are customarily made by means of a falling- 
ball viscometer on 10% solutions in 10/90 alcohol- 
acetone :*"" the results of these measurements are re- 
ported in Hercules seconds. This procedure requires 
a ?0-g sample of nitrocellulose, and the precision 
claimed is only + 3.8 per cent." X modified capillary- 
type viscometer by means of which measurements ean 
be made with the use of only one gram of nitrocellulose 
was developed at the California Institute of Tedi 
nology." This viscometer іх satisfactorily precise for 
the measurement of viscosities of coneentrated solu- 
tions, and the results can be converted to Hercules 
seconds bv the use of a factor. 

An attempt was made to extend to higher concen- 
trations the results of viscosity measurements on dilute 
solutions of nitrocellulose in butyl acetate. These stud- 
les were discontinued because the viscosities of the 
concentrated solutions were found to be extremely sen- 
sitive to traces of moisture. The viscosity of a 5.50% 
solution of nitrocellulose in anhydrous butyl acetate is 
six times the viscosity of a solution of the same con- 
centration prepared with butyl acetate saturated with 
water at 25 C. 12 This and other observations indicated 
the necessity [or great care in the use of pure solvents 
In viscosity studies. 

Viscosities of several mtroeelluloses were measured 
both in dilute solutions in butyl acetate, and in con- 
centrated solutions 1n aleohol-acetone, and the results 
were used to prepare a graph for estimating the vis- 
cosity of a nitrocellulose in Hercules seconds from the 
result of à viscosity measurement on a dilute solu- 
tion m butyl acetate. 

Э. Measurements of light scallering. Apparatus was 
developed at the California Institute of Technology 
for determining the molecular weights of nitrocellu- 
loses by means of measurements of the light scattered 
at 90 degrees from the incident beam. The procedure 
usually gave results of the right order of magnitude, 
but more developmental work is needed before light 
scattering сап be considered a reliable tool for meas- 
uring the molecular weight of nitrocellulose. 

4. Studies of the molecular heterogeneity of nitro- 
cellulose. The molecular heterogeneities of several ni- 
trocelluloses were studied. The ratio of weight-average 
to number-average molecular weight, determined by 
viscosity and osmotic pressure measurements, respec- 
tively, was taken as a measure of heterogeneity. This 
ratio is unity for homogeneous material and increases 
with increasing heterogeneity. The value of the ratio 
was found to be slightly less than 2 for nitroeelluloses 
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prepared from cotton linters but was about 2.5 for 
mtrocelluloses prepared from wood pulp: 16 1х hence 
concluded that the nitrocelluloses prepared from wood 
pulp are molecularly more heterogeneous than those 
from cotton linters. 


6.9.5 X-Ray Studies of Nitrocellulose 


N-rav diffraction photographs were used to study 
the degrees of orientation and gelatinization in vari- 
oux smokeless powders! ?-! 4 

X-ray studies of mixtures of nitrocellulose with 
diethyl] phthalate and with dibutyl phthalate indi- 
cated the formation of compounds with these plas- 


ога. 


6.9.6 Studies of Artificially Aged Powders 


The techniques described in the preceding sections 
were used at the California Institute of ‘Technology 
to study the changes which occur in the nitrocellulose 
in smokeless powder during accelerated aging at ele- 
vated temperatures. These studies indicated that the 
degradation of nitrocellulose in smokeless powder 1s 
very complex. In most of the double-base powders that 
were heated. a part of the nitrocellulose became in- 
soluble in the customary solvents. The nature of this 
insoluble material was not established, but 1t was 
suspected of being a three-dimensional polymer formed 
by some sort of cross-linking between nitrocellulose 
molecules. 


6.10 PREPARATION AND PROPERTIES OF 
SMALL BATCHES OF SOLVENTLESS 
DOUBLE-BASE POWDER" 


6.10.1 Introduction 


Beginning in July 1942, a comprehensive study of 
the relationships between the composition and prop- 
erties of double-base powders was carried on at the 
California Institute of Technology under OSRD Con- 
tract OF Msr-702 (July 1 to December 31, 1942) and 
OSRD Contract OEMsr-881. (January 1, 1945 to 
December 31, 1945). An essential tool for this study 
was the equipment which was developed for the 
preparation by a slurry method of four-gram batches 
of rolled solventless sheet powder,'’® and sixty-gram 
batches of solventless extruded powder." 

The equipment for the preparation of four-gram 
hatches of rolled sheet powder is especially suitable 


aThis section is taken from a report prepared by A. О. 


Dekker. 
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lor preliminary. tests of new compositions. Small 
samples of highly experimental powders which might 
be too hazardous to prepare in larger quantity сап 
be prepared with relatively little hazard for small- 
scale tests, or a wide range of compositions may be 
quickly surveved by the preparation of à great many 
powders of related composition which can then be 
examined by various means in order to select those 
most suitable for preparation on a larger scale. 

Powders which are to be subjected to surveillance 
tests, measurements of linear burning rates, or de- 
termimations of physical properties, must be prepared 
in larger lots and in quantities sufficient. for extru- 
sion. For this purpose a laboratory was constructed 
for the mixing, rolling, and extrusion of sixty-gram 
hatches of solventless double-base powder. 

These two sets of equipment made it possible to 
prepare quickly and convemently a great many pow- 
ders without which many Investigations of propel- 
lants would have been impossible; for example, it 
was feasible to prepare batches of powder which con- 
tamed no stabilizer or which contained substances 
which might destabilize the powder. 

In. the following there are briefly 
described the equipment for preparing small batches 
of powder and the application of this equipment to 
studies of the stabilitv, burning rate, and. physical 


sections 


properties of standard, new, and foreign propellants. 


0.10 Equipment for the Preparation of 


Small Batches of Solventless 
Double-Base Powders 


The equipment which was developed for mixing 
slurries. the one-mch rolling. mill which was de- 
sioned for rolling four-gram batches of powder, the 
experimental rubber-rolling mill which was adapted 
for rolling sixty-gram batches, the one-inch press 
which was designed to extrude the rolled sheet pow- 
der, and the laboratory m which this work was done 
are described below. 


THE IR BONITO 


Figure 3 is a plan of the laboratory in which the 
small batches of solventless powder were prepared. 
Steam, compressed air, hot and cold water, circulat- 
ing hot water (190 F), and explosion-proof elec- 
trical outlets were supplied at several convenieut 
places iu. the laboratory. Circulating hot water of 
coustant temperature was supplied from à thermostat- 
ically controlled tank from which hot water was 
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FiGunE 3. Plan of the laboratory. 


pumped to the far end of the laboratory by means of 
a centrifugal pump and was returned to the tank. 
Apparatus which was to be heated by this circulating 
water was connected in parallel with the supply and 
return lines of the system. 

Ventilation was provided by several air ejectors 
which exhausted noxious or explosive vapors at their 
points of origin. 

Emergency showers and five extinguishers were 
provided at convenient places throughout the labora- 
tory. Separate magazines for high explosives, nitro- 
cellulose, and double-base powder were situated at 
appropriate distances from the laboratory. 


MIXING THE SLURRY 

Slurries for four-gram batches of powder were 
mixed in small glass beakers which, together with 
air-driven. stirrers and a balance, were mounted be- 
hind a steel barricade. 

Figure 4 is a photograph of one of the two nearly 
identical mixers for preparing slurries for sixty-gram 
batches of powder; this apparatus was designed so 
ihat practically all operations were controlled from 
a panel in another room which was separated from 
the first by an 8-in. concrete wall. Mirrors permitted 
the operator to observe the apparatus fron the door 
without exposure. At no time was the operator ex- 
posed to bigh explosives which were at elevated tem- 
peratures or in more than gentle motion. 

The apparatus is best described by outlining the 


method of its operation for the preparation of a 
nitroglycerin powder. A brass cup containing water, 
and provided with a coil of copper tubmg for tem- 
perature control was mounted on the piston rod of 
a hydraulic cylinder. With the piston at its lower 
position a beaker containing a suitable quantity of a 
10% solution of nitroglycerin in alcohol was clamped 
in the cup. Water at 60 C was passed through the 
coil in the cup and a brisk stream of filtered air was 
directed upon the of the in the 
beaker. A hood directly above the mixer removed the 
vapors. When all the alcohol had evaporated, cold 


surface solution 





Figure 4. Apparatus for mixing sixty-gram batches of 
double-base powder by a slurry process. 
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FIGURE 5. Small powder-rolling mill. 


AA Iron casting; base of rolls. 


BB Interehangeable spur gears. 


A 
B 
C 
D 


w C. mom ty 


Roll (stainless steel collar). 
Roll shaft (stainless steel). 


Central hole in roll shaft, for water circulation. 


Guide; determines width of powder sheet and keeps powder away 


from bearings. 

Doetor knife for removal of sheet powder from rolls. 

Axle for rotation of block whieh supports right-hand roll. 

Set-serew for determining spaee between the rolls. 

Roll-shaft bearing (bronze). І 

Lubrieation fitting; grease inlet. 

Grease hole. 

Gaskets of “Garloek’’ packing material (asbestos impregnated with 
graphite). 


Rear water-cireulation bushing (non-rotating). 

Forward water-cireulation bushing (non-rotating). 

One of the screws whieh tighten the rear bearings. 

One of the two screws which tighten the forward bearings. 
Thermometer well. 

Water-inlet pipe for right-hand roll. 

Flexible metal bellows. 

Outlet pipe from right-hand roll. 

Forward water chamber. 

Partition. 

Water-inlet pipe to rear water chamber and to left-hand roll. 
Rear water chamber. 

Inlet to left-hand roll. 

Outlet from left-hand roll. 


Water-outlet pipe, both rolls. 
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Walter was passed through the copper coll. a weas- 
ured amount. of methylcellulose dispersed in water 
was added to the pure mtroglycerm by remote con- 
trol. and the cup and beaker were raised bw the 
hvdrauhe cylinder to the upper position where an 
air-driven stirrer emulsified the nitroglycerin and 
water. Nitrocellulose. plasticizer. and stabilizer were 
then added and the stirring was reswued for 35 
minutes. 

"lurries containing crystalline explosive plasticizers 
such as DENA had to be heated above the melting point 
of the explosive plasticizer during the mixing. 


ОИ IC AURES 


One-inch. Rolling Mill. The small powder-rolling 


н which was desigued and constructed in the lab- 
oratories of the California. Institute of Technology, 
Is shown m Figures 5. 6. and <. Figure 5 is a cutaway 
Isometric drawiug of the mill excluding the motor 
and worm drive. This drawing shows the details of 
construction. the bearings and lubrication system. 
and the water circulation svstem. 

The rolls. which were 1 in. in diameter and tte in. 
long. were driven by a Yg-hp explosion-proof electric 
motor through a worm gear and a set of 1nterchange- 
able reducing gears: they were mounted on a hollow 





FIGURE 6. Small powder-rolling mill, complete with 
explosron-proof motor and worm gear. 


cast-iron base f.f by means of which they were sup- 
plied with circulating steam or hot water for tem- 
perature control. The hot water or steam was caused 
to flow through the steel shafts which carried the 
rolls. The spacing between the rolls could be ad- 
justed to any value up to abont 0.014 1n. by means 
of an adjustable set-screw G. The fast roll was usually 
driven at а speed of 46.1 rpm and the ratio of the 
speeds of the two rolls was usually 1.29. 


The large angle of nip of the t-m. rolls caused 
difficulties which are not encountered with larger 
rolls. Jf proper precautions were not taken the stock 
piled up im the bite of the rolls and did not form a 
sheet. Lius difficulty could be avoided by adding the 
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"mall powder-rolling mill, close-up view. 


РІСТ. 


stock slowly and by carefully controlling the other 
factors which affect the rolling characteristics of thie 
slurry. 

] hree-Fuch Rolling Mil. The laboratory rubber- 
rolling null (Figure 3) was purchased from William 
Il. Lhropp and Sons. It consisted of two horizontal 
heated rolls. 3 1n. in diameter and 8 m. long, which 
were driven by a 2-hp. 3-phase. explosion-proof motor 
equipped. with a шаепейе brake. The gears on the 
frout and rear rolls were exchanged so that the front 
roll would revolve faster than the rear roll. The front 
roll, which was adjustable for different spacings be- 
tween the rolls, revolved at 26.9 rpm; the ratio of 
the speeds of the rolls was 1.40. 

lhe 


through suitable valves with the laboratory circulat- 


rolls. which were hollow, were connected 
ing hot water system, with the cold water and steam 
Imes, and with a heat exchanger, so that the tem- 
perature could be regulated as desired. When the 
proper temperature was reached the rolls were usually 
spaced at 0.010 imn.. and the filtered slurry was re- 
duced to a finely divided voluminous mass which was 
gradually added to the rolls over a period of about 
half a minute to two minutes, depending on the be- 
havior of the stock on the rolls. The powder was then 
prerolled for one minute to remove moisture and to 
initiate plasticization. The partially colloided sheet 
was bookfolded and returned to the rolls for an addi- 
tional three minutes, during whieh the sheet was 


removed four or five times, folded ito several book- 
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FIGURE 8. Powder-rolling mill, complete with explosion- 
proof motor and magnetie brake. 


folds, and returned to the rolls. Some powders had 
to be rolled for a longer time as a result of the specific 
composition or of the condition of the surfaces of 
the rolls. It was sometimes necessary to reduce the 
spacing of the rolls in order to plasticize white specks 
of incompletely 1ncorporated nitrocellulose. Salts and 
carbon. black were added early m= this three-minute 
period. 

The sheets obtained were about 6 ui. wide, 19 2и. 
long. and of a thickness which was of the order of 
0.025 in. but which depended on the quantity of 
powder which could be conveniently rolled into a 
sheet. 


Peering THE ROLLED SHEET POWDER 


Figure 9 is a drawing 1n cross section of the barrel 
and piston of the l-in. extrusion press, the design 
of which 1s based on that of the small 0.5-1n. press 
constructed bv Section $° The barrel of the press. 
which was machined from heat-treated alloy steel, 
was mounted vertically and surrounded by a heavy 
copper heating jacket which contained a helix-shaped 
water channel; the lower end of the cylinder was 
threaded to accommodate the die for extrusion. The 
l-in. piston, machined from alloy steel and provided 
with bronze sleeves, was moved by a 10-ton Porto- 
Power hydraulic ram (Blackhawk 


“Contract OF} Msr-418. 1154 


Manufacturmg 


Company) which was mounted above and connected 
to the extrusion cylinder. Provision was made for 
the evacuation of the press through the piston. A 
valve in the end of the piston closed the vacuum con- 
nection automatically when the piston was pressed 
against the powder. A second lydraune evlinder, 
mounted above the Porto-Power ram and connected 
to the extrusion piston by four q@reumferentially 
spaced connecting rods, withdrew the extrusion piston 
at the end of its stroke. The two hvdraulie eylinders 
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FIGVRE 9. One-mch extrusion press, three-quarter size. 


were connected by means of a suitable system of 
valves to a hand-operated pump (Blackhawk Model 
P-76), to a reservoir, and to a small-capacity ac- 
cumulator. 

Dies for the extrusion of cylindrical rods of pow- 
der of Ye- %40-. M-, and %-1n. diameter, and 
spider and mandrels for the extrusion of tubular grains 
with the dimensions XY mMm, əx» m. and 


6) v 
— 
D) 


лох М; dn. were prepared according to the meth- 





118 


PROPELLANTS 





ods of design which were developed by Section 5.” 

The I-m. press proved to be very satisfactory with 
the exception of the hydraulie system. A more easily 
controlled and operated hydraulic system which 
would deliver a more nearly constant pressure prob- 
ably could be assembled from a double-acting сурет 
and a motor-driven pump which ean be purchased 
on the market, but this hand-operated pump and the 
two single-acting cylinders were fairly satisfactory. 

Preliminary to extrusion the sheet obtamed from 
the 3-in. rolls was formed into a tight carpet rol! 
6 1n. long and nearly an inch in diameter. The earpet 
roll was preheated at a swtable temperature for 20 
minutes and then placed m the press at the same 
temperature. The press was evacuated for two min- 
utes at 4 mm of mercury preszure and the extrusion 
was started. The pressure prevailing during the ex- 
{rusion Was of a magnitude such that the rate of 
extrusion of a qnarter-inch grain was of the order 
of an inch per second, and correspondingly higher 
pressures and rates were used for smaller granula- 
tions: no effort was made to obtain any particular 
extrusion rate. 


DiscUssION OF THE PROCEDURE FOR THE 
PREPARATION OF SMALL BATCHES OF POWDER 


есі of Variations in the Miving and Rolling 
Procedures. An extensive senes of experimenis was 
carried out in order to determine the extent to which 
the properties of four-grain batches of powder were 
affected by variations in the procedure such as those 
which were to be expected under ordinary operating 
conditions. The time and violence of mixing the 
slurry, the moisture content of the slurry at the time 
of placing it on the rolls, the time and temperature 
of rolling on the l-in. rolls, and many other variables 
were Investigated. The variations had either no effect 
or au insignificantly small effect on the rolling char- 
acteristics of the slurry, and on the qualitative physical 
properties, the рН value, and the vacuum stability 
behavior of the powders. 

Comparison of Balch 
Many four-gram and sixty-gram batches of powder 
were prepared and analyzed in order to determine 
the precision. with which the compositions of the 
experimental powders could be controlled. These 
analyses permitted the developmeut of precise pro- 
cedures for the preparation of powders, so that their 
compositions were generally closer to the specifica- 


Formulas and Analyses, 
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(ions than was the practice with production lots of 
powder. 

Comparison of Powders wilh Production Lols. 
In appearance, qualitative physical properties, and 
burning rate, the sixty-gram batches of powder could 
not be distinguished from production lots of iden- 
tical composition. 

lu stability there seemed to be no significant 
differences between the small batches and production 
lots except for diphenylamine-stabilized powders. 
For example. without exception the centralte-stabi- 
lized powders prepared at the California Institute of 
Technology. when stored at elevated. temperatures, 
were depleted of centralite at rates which could have 
heen predicted roughly from the rates of depletion 
in production lots of similar composition. On the 
other hand. also without exception, the diphenyl- 
amine-stabilzed powders, which were prepared in 
this laboratory, were depleted of diphenylamine more 
than twice as rapidly as ballistites which were pre- 
pared in production lots. 

Investigation showed that this anomalous behavior 
of the diphenylamine powders was to be ascribed only 
to the operations of rolling the powder ou the 3-m. 
rolls and extruding the powder from the l-im. press 
and not to the mixing of the slurry or to the punty 
of the components of the slurry. It is possible that 
this behavior was due to air taken up by the powder 
during rolling and extrusion. 

Quantity of Production. One man was able to mix 
and roll 10 four-gram batches of different composi- 
tions m three eight-hour days. This outpnt could 
be doubled if the laboratory were 1n a plant where 
nitroglycerm Is manufactured so that pure nitro- 
elvcerin could be obtained without the time-eonsum- 
ing evaporation of alcohol from a 10% solution. 

Two men were able to mix, roll. and extrude about 
20 or 25 sixty-gram batches of powder in five eight- 
hour days: however, if the compositions were not 
very closely related, so that the rolling or extrusion 
conditions had to be changed for each batch, the 
number of batches produced in this time was only a 
dozen or so. Here again the output could be doubled 
if pure nitroglycerin rather than a solution were 
available. Moreover. a different plan for the building 
and for the location of operations in it would permit 
perhaps a 30% increase in output, even though only 
nitroglycerin solutions were available; with the pres- 
ent arrangement it was uot considered safe to permit 
powders to be rolled at the same time that other pow- 
ders were being mixed m the adjoining room. 
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913 Application of the Equipment to 


Studies of Smokeless Powder 


The equipment for the preparation of four-gram 
batches was used to prepare about 700 batches of 
powder for studies of various plasticizers апа sta- 
bilizers. for studies relating to the formulation of 
new propellants, and for investigation of foreign 
propellants. The equipment for the preparation of 
sxtv-gram batches was used to prepare more than 
500 batehes of powder for similar studies and for use 
in determinations of the linear burning rate and 
elastic modulus of propellants under compression, 

The slurry mixer, 3-1n. rolls, and 1-in. press, de- 
scribed in the preceding sections. were not only use- 
ful but essential to the prosecution of the work on 
this contract. The more significant types of investiga- 
tious which were made with this equipment and with 
the smaller equipment are indicated very briefly in 
the following sections. 


Gewmenrison OF VArtocs COMPOUNDS «as PLASTI- 
CIZERS IN SOLVEXTLESS ROLLED SHEET POWDER 


Nonevrplosive Plasticizers. The 1-11. rolls were 
originally intended for use in a study of the relative 
merits of a wide variety of compounds as plasticizers 
of nitrocellulose in solventless powders. A description 
of the general procedure used in these vestigations 
is given in the following paragraphs, and a summary 
of the results obtained is presented in Table 5. 

All the powders were based on а ballistite com- 
position and contained ueither salt nor coloring 
agent. Four-gram batches of powder contaimneg 3 to 
5% of each plasticizer alone were mixed, the pow- 
ders were rolled on the 1-i. differential rolls at 
75 С by a standard procedure, and the length of time 
required for each mix to form а translucent sheet 
was noted as a criterion of the rate of plasticization 
of the nitrocellulose. The finished sheets were ex- 
amined visually and were rubbed and flexed with the 
fiugers; small pieces were pulled off and torn from 
the sheet to obtain some indication of the toughness 
of the sheets. 

The results of studies of several series 
cizers are summarized roughly in Table 3. Many of 
the 89 compounds listed were studied while the tech- 
nique of rolling sheet powders on the 1-1u. rolls was 
still being developed; the classification of these com- 
pounds is somewhat uncertain, and they are marked 
with an asterisk to distinguish. them from the com- 
pounds which have been studied more recently. 


of plasti- 


TABLES. Tentative classification of various compounds 
as plasticizers of nitrocellulose in solventless rolled 
sheet powders. 116,121 


Group I Compounds which yield flexible sheet powders 


Acetophenone* Diphenylformanmide 
Allyl 2-nitro-2-methylpropyl | Diphenylurethane 
maleate Ethyl centralite 


Butyl lactate* 
Butyl phthalyl butyl 


Ethylphenylformanude 


glycolate* N-Ethyl-N-phenylurea 
Cyclohexanone* Isophorone* 
Dibutyl phthalate* Pentaerythritol diacetate 
Diethoxyethyl phthalate* dipropionate 
Diethyloxanilide Pentaerythritol tetraacetate 
Diethyl phthalate Phthalide 
Diethyl tartrate o- and p-Toluene ethyl 
Di(2-nitro-2-methylpropyl) sulfonamides* 

maleate o- and p- Toluene sulfonamides * 
Diphenylearbamic anhydride Triacetin 


Triethyl citrate* 


Group II Compounds which yield stiff sheet powders 
Acardite 
Acetyl tributyl citrate* 
Dimethoxyethyl phthalate 
Diphenyloxanilide 
N-Ethyl-N-phenylureaTt 


Group HI 


Methyl phthalyl ethyl glycolate 
sucrose octaacetate 
Tetraphenylurea tf 

Tricresyl phosphate 
Triphenylisocyanuric acid 


Compounds which yield poorly plasticized, 
weak, brittle sheet powders 

Methyl abietate* 

B-Nerolin 


Dibutyl sebacate* 
Hexaphenylmelamine 


*Studied during the preparation of the first 75 powders on the 1-in. rolls 
TSeveral days after rolling, the surfaces of shects containing 4.25% of this 
compound exhibited microscopic crystals. 


Zrplosive Plasticizers. A qualitative comparison of 
the plasticizing actions of diethylene glycol dinitrate 
and nitroglycerin in ballistite JPH was made by 
means of the 3-in. rolls and l-im. press. 

Sixty-gram batches of powders of the compositions 
shown in Table 4 were mixed and rolled and then 
extruded through a 0.25-in. die. 

DEGN, which softened the powder much more 
than nitroglycerin, is apparently best suited to the 
preparation of powders which contain a larger per- 
centage of nitrocellulose. 

The two powders prepared from pyrocotton seemed 
to be harder than those prepared from the blend of 
pyro- and guncotton. Preliminary quantitative meas- 
urements of the hardness of nitroglycerin powders 
with a testing machine (Section 6.15) indicated that 
this effect of the nitrogen conteut of the nitrocellulose 
was real. 

The study of the plasticization of powders by ex- 
plosive and nonexplosive plasticizers was better car- 
ried out on the sixty-gram scale than on the four- 
gram scale, because additional data were obtained 
during the extrusion and because quantitative deter- 
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TABLE 4. Composition and qualitative physical prop- 
erties of powders containing nitroglvcerin. (NG) or 
diethylene glycol dinitrate (DEGN). 


a. Formula percentage composition 


Nitrocotton 54.5 
Explosive plasticizer 43.0 
Ethyl centralite 1.00 
Potassium sulfate 50 
Carbon black (added) 0.10 


The types of nitrocotton and explosive plasticizer are 
listed below. 


Powder No. C-112 C-118 C-114 C-115 
Nitrocotton, Lot No. 5251 10411 5251 10411 
Per cent of N 12:55 13:23 1550 13.23 
Viscosity (Hercules 
seconds) 10 11 10 11 
Explosive plasticizer NG NG DEGN DEGN 


b. Qualitatire physical properties of grains extruded through а 
0.25-in. die 


Powder No. (7-112 C-113 C-114 C-115 
Extrusion pressure (ps1) 6100 4600 3100 2:300 
Average diameter(inch) 0.278 0:272 0.273 0.269 
Hardness Very Нага Soft Very 
hard soft 


nunations of the hardness and elastic modulus under 
compression could be made with the extruded 
powders. 


RELATIONSHIP BETWEEN THE PROPERTIES OF THE 
NITROCELLULOSE AND THE STRENGTH OF JPH-Ty»r 
БОЕП ЕТТЕ 


As nmdicated in the preceding paragraphs, sixty- 
eram batches of powder are suitable for studies of 
the relationship between the properties of the nitro- 
cellulose and the strength of the powder in which 
these nitrocelluloses are incorporated. In an Inves- 
tigation which was designed to develop a new pro- 
pellant with greater physical strength than ballistite 
JPI.16 powders were prepared which were identical 
in composition except for the nitrocellulose which was 
used, and the hardness and elastic modulus under 
compression of each of these were to be determined. 
The compositions of these powders are shown in 
Table 5. This type of investigation could be carried 
out more econonucally and expeditiously by the use 
of the laboratory for the preparation of small batches 
of powder than by use of a pilot plant in which 
batches of at least several hundred pounds аге usu- 
ally made. 


РТС RELATE TO THE STABILITY OF 
DousBLe-Bask POWDER 

The investigations carried out under OSRD Con- 
tract OF Msr-881 were largely concerned with the 
study of the stability and safe life of double-base 


TABLE 5. Formula percentage composition of JPH- 
type ballistites which contain different nitrocelluloses. 








Nitrocellulose, according to specifications below 54.5 
Nitroglycerin 43.0 
Ethyl centralite 1.00 
Potassium sulfate 1.50 
Carbon black (added) 0.10 


Description of Nitrocellulose 


eS ОКШЫ _ 





Viscosity, 
Powder Hercules Nitrogen Hercules 
No. Lot No. percent seconds Туре 
C-137 5168 12.60 8 Cotton 
C-138 $8432 12.67 S Wood 
C-139 5250 D» 55 15 Cotton 
C-140 5245 pos 1m Wood 
C-171 2917 11.89 ШТ Cotton 
C172 2733 11.98 6.0 Cotton and wood 
C-173 2936 12215 1.0 Cotton and wood 
C-174 3293 11.95 0.49 Cotton and wood 
C-175 1087 11.95 0.04 Wood 
C-211 35947 13.45 11 Cotton 
(213 2917 О 23) 1189 TENE Cotton 
ол eo) 1208 0.04 Cotton and wood 
C-214 3323 (15.6% 12.08 0.04 Cotton and wood 
5250 (38.99%) 12.59 14 Cotton 
Clo, 2738 (30.5%) 11.98 6.0 Cotton and wood 
5247 (24.0%) 13.45 1] Cotton 
C-216 2917 (30.0%) 11.89 Lu Cotton 
DONDE 13.45 1 Cotton 
C-217 7322 S 3.06 10.96 0.05 Cotton 
5246 (386.2% 13.45 LES Cotton 
C-218 1087 (37.1%) 11.99 0.04 Wood 
2465* (17.195) 13.96 100 Cotton 


*This lot was prepared at the Picatinny Arsenal. 


powders. In connection. with these investigations, а 
vacuum stability test at 110 C and a modified Таһа 
test at 110 C were developed for use with double-base 
powders (Section 6.12). These tests were applied 
to a study of the effects of a great variety of changes 
in Composition проп the relative rates of gas evolu- 
tion. Powders prepared in small batches in this lab- 
oratory provided the material from which many data 
were obtamed for investigation of relationships bo- 
tween the composition and the stability of donble- 
base powders. 

The apparatus for the preparation of sixty-gram 
batches of powder was more suitable than the smaller 
equipment, because forty-five-gram samples of the 
larger batches were available for surveillance tests 
and ten- to fifty-gram samples could be stored for 
determination of the rate of depletion of the sta- 
bilizer. In this way data could be obtained to test 
the validity of correlations between the long-time 
low-temperature tests, such as the standard surveil- 
lance test at 65.5 С, and the short-time high-tem- 
perature tests, such as the Talani-type test. 
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The equipment was used to prepare powders in 
which different explosives, nitrocelluloses, coloring 
agents. plasticizers, stabilizers, and various organie 
and inorganic compounds were incorporated, and the 
powders were investigated by means of the tests 
Which have already been mentioned. 

For example. nine powders of JPIl-tvpe composi- 
tion were prepared, in which the following stabilizers 
or compounds were used respectively. 
Diphenylurethane 
Carbazole 
B8-Nerolin 
Tetraphenylurea 


No stabilizer 
Ethyl centralite 
Diphenylformanide 
Acardite 
Ethvlphenylurethane 
Samples of the powders were placed in surveillance 
at 65.5 C and at 75 C, and vacuum stability and 
Taliani tests were made on the other samples. 
As another example. powders contaming as sta- 
e 
bilizers these derivatives of. diphenyvlamine or ethyl 
centralite which are formed during the decompozi- 
tion of the powder were prepared for use in studies 
of the kinetics of the reactions which are involved in 
the decomposition of the powder at 65, 71, or 75 С. 
For this purpose 14 ballistite-type powders contain- 
ing the following respective stabilizers were prepared. 
N-Nitroso-4-nitrodiphenyla- 
mine 
Ethyl centralite 
4-Nitrocentralite 
N-Nitroso-N-ethylaniline 
N-Nitroso-4-nitro-N-ethv]- 
aniline 
1,4'- Dinitrocentralite 


Diphenylamine 
N-Nitrosodiphenylamine 
4- Nitrosodiphenylamine 
2-Nitrodiphenylamine 
4-Nitrodiphenvlamme 
4.4'- Dinitrodiphenylamine 
2,4,4’-Trinitrodiphenylamine 
2,2’,4,4’,6,6’-Hexanitrodi- 
phenylamine 
The rates of transformation of these stabilizers at 
elevated temperatures were determined. 


КОХ OF THE LINEAR BURNING RATES OF 
PROPELLENT POWDERS or VARIOUS (COMPOSITIONS 


The apparatus for the preparation of sixty-gram 
batches of powder played a necessary part in inves— 
tigations of the linear burning rates of propellent 
powders" which were carried ont under OSRD Con- 
tract OK Msr-881. Every powder whose burning rate 
was to be determined had to be provided in a granu- 
lation suitable for use in the burning rate apparatus. 
Samples from production lots or pilot lots of Ameri— 
can powders, and samples of captured German and 
Japanese powders were reduced to 555-1. grams by 
use of the rolls and the press. Powders prepared from 
our own slurries were also extruded as ?5.5-1n. grains. 

In addition to this function of supplymg material 
in a suitable granulation, the laboratory made it pos- 


sible to carry out studies of the relationships be- 
tween the composition of powder and its burning 
characteristics. For example, it was reported*?*?*° 
that one of the new standard compositions for use in 
serman rockets was the one listed in Table б. 


TABLE 6. Percentage composition of German Emheits- 
pulver R 61 


Nitrocellulose (12.5 per cent nitrogen) 59.8 

Diethylene glycol dinitrate 99.9 

Hydrocellulose 1.50 
Ethylphenylurethane 1.10 
Diphenylurethane 0.80 
1G. Was E 0.35 
Magnesium oxide 0.20 
Potassium nitrate 0.60 
Acardite 0.30 


In the absence of а captured sample of this com- 
position, a sixty-gram batch was prepared m which 
was incorporated 0.10% of graphite, while carnauba 
Wax was substituted for the I. С. Wax Е. Measure- 
ment of the burning rates at various temperatures 
and pressures showed that this powder had a lower 
temperature coefficient. of the linear burning. rate 
and a lower pressure coefficient of the linear burning 
rate than any of the other powders containing diethyl- 
ene glycol dinitrate which were investigated at the 
Cahfornia Institute of Technology. To determine the 
cause of these superior burning properties, about 40 
additional powders were prepared. in which various 
constituents were omitted or replaced by closely ve- 
lated substances. Dv this means it was possible to 
show that the combination of hydrocellulose and po- 
tassium nitrate (and, to a lesser extent, magnesium 
oxide) produced superior burning characteristics. It 
was also possible to show that incorporation of these 
substauces had little or no effect on ballistite but 1m- 
proved the burning characteristics of H-4 powder. 
A study of this sort by means of 500-1) pilot-lot 
batches would have been much more expensive and 
time-consuming. 


Foreign VROPELLANTS 


As indicated in the preceding section, the equip- 
ment was useful in studying the linear burning rates 
of foreign propellants. Not only was it possible to 1n- 
vestigate the detailed features of the burning charac- 
teristics of captured foreign powders, but it was also 
possible to test the validity of quantitative analyses 
of these propellants. When the composition was de- 
termined by analysis, a sixty-gram batch of powder 
could be prepared for a comparison of its physical 
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properties and burning chavacteristics with those of 
the foreign powder. 


NEW PROPELLANTS 


Some of the applications of the equipment for the 
preparation of small batches of powder to the devel- 
opment of new propellants are partly evident from 
the preceding sections on studies of plasticization, 
nitrocellulose, stability, and linear burning rates. 
In addition to the types of investigations which have 
already been indicated, several other series of ex- 
periments were made with a view to the formulation 
of new propellants. The results of two of these series 
are very briefly described in the following paragraphs. 

RDN and PETN Propellants, Powders of rela- 
tively high potential, i» comparison with a JPH- 
{уре ballistite, were prepared in four-gram batches 
bv the incorporation of КОХ and PETN im a bal- 
listite-tvpe binder. Powders containing as much as 
36% of PETN їп a ballistite matrix, and with heats 
of explosion as much as 100 calories per gram higher 
than that of JPH, were prepared, and their qualita- 
tive physical properties were determined.” The 
sheets were fairly flexible, but contained small per- 
forations and, upon aging. crystals developed on the 
surfaces. The experiments were not continued. 

DINA Propellants. Because of the relatively high 
volatility of nitroglycerin, there was considerable m- 
terest in the development of new propellants which 
contain less volatile explosive plasticizers. For this 
work the 1-in. rolls provided a very convenient and 
economical method of determining whether or not 
projected compositions could be successfully colloided 
bv solventless rolling. and for obtaining samples for 
qualitative comparisons. .X comprehensive study of 
powders containing DINA. Fivonite, and methyl 
NENA was carried out with this equipment. Four- 
batches of more than fifty different composi- 
were prepared, qualitative observations were 


gram 
tions 
made of their physical properties, and some were 
tested in the vacuum stability apparatus. Iivonite 
was found to be useful in relatively small quantities 
as a plasticizer for DINA powders; when used as 
the only explosive plasticizer in a powder, Fivonite 
vielded a slurry which could not be rolled. Methyl 
NENA offered no advantages over Fivonite as a plas- 
ticizer for DINA powders and had the disadvantage 
of being about as volatile as nitroglycerin.!?* All the 
powders which had ballistic properties comparable 
to those of ballistite were supersaturated with respect 
to the explosive plasticizer, and this crystallized on 


the surface of the sheets on standing. As in Albanite 
eun propellants, 16 was by no means certain that the 
crystallization was a serious disadvantage, but this 
could only be determined by much more extensive 
Investigations, 


6.11 THE ANALYSIS OF POWDERS 


01 — Chemical and Physical Methods 


The material presented in this section is pi- 
marily the result of work carried out at the Gali 
fornia Institute of Technology under OSRD Con- 
tract OF Msr-S81. It consists essentially of eritical 
Investigations of many of the standard methods cur- 
rently used for the determination of individual con- 
stituents of smokeless powders and of new or revised 
procedures which were developed for the analysis of 
new powders or for the attainment of greater pre- 
cision. In addition to these purely analytical prob- 
lems, studies have been made of the fractionation, 
molecular weight determination, and aging behavior 
of nitrocellulose; these studies are described in See- 
tion 6.9, 

The analytical investigations aud procedures are 
grouped for discussion under the following headings: 

1. Procedures for the determination of mitrocel- 
lulose and for the estimation of the percentage of 
nitrogen in it. 

2. Procedures for the identification and quantita- 
live estimation of nitric esters and nitro compounds. 

З. Procedures for the quantitative estination of 
stabilizers and nonexplosive plasticizers. 

4. Procedures for the quantitative estimation of 
volatile and inorganic constituents. 

The application of chromatographic and spectro- 
photometric methods to problems of powder analysis 
іх described 10. Section 6.11.2. 


PROCEDURES FOR THE DETERMINATION OF МИШ ТЕ 
LULOSE AND FOR THE JSSTIMATION OF THE 
PERCENTAGE OF NITROGEN 


All analytical studies of nitrocellulose from powder 
are hampered by the difficulty of obtaining samples of 
nitrocellulose are free from moisture and 
volatile solvents, and are in a form suitable for fur- 
ther study. Samples of commercial uncolloided water- 
wet nitrocellulose can be dried easily, either by mild 
heating or by vacuum desiccation, but material which 


which 


aThis section 1s taken from a report submitted by Richard 
M. Noyes. 
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has been precipitated from dispersions in organie 
solvents can be dried only with ditheulty and is ap- 
parently degraded by heat more easily than le un- 
treated nitrocellulose. 

Determination of Nitrocellulose. Nitrocellulose in 
smokeless powder is customarily determined in the 
residue remaining after extraction of the sample 
with ether or methylene chloride. The solvent re- 
tained in the residue after extraction cannot be re- 
moved by gentle heating or evacuation. but two pro- 
cedures are available for obtaining the nitrocellulose 
in a form suitable for weighing. 

The usual procedure. called the Naval Powder 
Factory procedure. is that embodied in the specifi- 
cations for the analvsis of JPN powder. It In- 
volves dispersing the nitrocellulose in 2/1 ether-al- 
cohol, evaporating part of the ether, and precipitat- 
ing the nitrocellulose with water. The resulting mix- 
ture is then evaporated, and the residue 1s dried to 
constant weight. 

An alternative procedure involves dispersing the 
nitrocellulose in acetone, and precipitating it by 
pouring the acetone solution into a large volume of 
a dilute aqueous solution of sodium chloride. The 
precipitate is then filtered on a sintered-glass funnel, 
washed with water, and dried to constant weight. 

The Naval Powder Factory procedure has given 
quite satisfactory results for the analysis of most 
smokeless powders, but the molecular weights of 
nitrocelluloses are markedly decreased by this treat- 
ment. The procedure involving solution in acetone, 
precipitation, and filtration is to be preferred for the 
analvsis of powders containing a considerable amount 
of water-soluble inorganic salt which must be sep- 
arated before the nitrocellulose can be determined 
accurately. A method utilizing this procedure was 
developed for the analysis of EJA powders. 

Estimation of Nitrogen in Nitrocellulose. The du 
Pont nitrometer is customarily used for the estima- 
tion of nitrogen in nitrocellulose,'^? it has proved to 
be entirely satisfactory for the analysis of dried one- 
gram samples of commercial nitrocellulose: however, 
low results have sometimes been obtained with sam- 
ples that had been subjected to the Naval Powder 
Factory procedure described above. Those nitrocel- 
luloses which gave low results contained 12.6% or 
less of nitrogen and were almost completely soluble 
in 2/1 ether-alcohol: they formed gelatinous precipi- 
tates when water was added and dried to "horny" 
lumps. If an attempt was made to dissolve these 
samples in sulfurie acid before the resulting solutions 


were shaken in the nitrometer, the results were im- 
proved but were not alwavs satisfactory. Therefore 
the nitrometer, although it 1s the most accurate pro- 
cedure for the estimation of nitrogen in commercial 
nitrocellulose, cannot be recommended for the analy- 
sis of samples that have been colloided with solvent 
and then precipitated. 

A Devarda procedure has also been employed for 
the estimation of nitrogen in 0.1-g samples of nitro- 
cellulose."?? This procedure involves hydrolysis of the 
nitrocellulose in a solution of sodium hydroxide and 
hydrogen peroxide, reduction of the nitrate ion with 
Devarda’s alloy, and distillation and titration of the 
resulting ammonia. This procedure has given very sat- 
istactory results for the analysis of samples of com- 
mercial nitrocellulose. Like the nitrometer, the De- 
varda procedure gave low results for the analysis of 
some samples of precipitated nitrocellulose, but a 
modification of this procedure??? in which sodium per- 
oxide 1š substituted for hydrogen peroxide was found 
to give results accurate within about one-half per cent 
of the nitrogen present. The modified Devarda proce- 
dure is recommended for the estimation of nitrogen 
їп samples of commercial nitrocellulose. when less 
than one gram 1s available and 1n samples of precipi- 
tated nitrocellulose. 

Several attempts were made to estimate nitrogen 
in nitrocellulose by reduction with ferrous chloride 
and estimation of the resulting ferric ion by a pro- 
cedure similar to that used for the determination of 
nitroglycerin discussed below. The results were unsat- 
isfactory. 


к= 


PROCEDURES FOR THE IDENTIFICATION AND 
QUANTITATIVE ESTIMATION OF NITRIC 
ESTERS AND NITRO COMPOUNDS 


Identification by X-ray Diffraction. X-ray diffrac- 
tion powder photographs are of considerable assistance 
in identifving unknown crystalline constitutents en- 
countered In explosives. In order to aid 1n this 1denti- 
fication, X-ray photographs have been taken of several 
crystalline explosive constituents of propellants, and 
tables of interplanar spacings and diagrams illustrat- 
ing the relative positions and intensities of the ob- 
served reflections have been collected.4*? Among the 
substances for which data are presented are the fol- 
lowing explosives: PETN. 4.6-dinitrotoluene. TNT, 
picric acid. ammonium plerate, guanidine picrate, 
Haleite. nitroguanidine. Fivonite, DINA. RDA. £- 
BM NX. аа ООХ ЕВА), 

Analysis by Chemical Procedures. The most satis- 
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factory procedure for the estimation in a powder of 
nitric esters, other than nitrocellulose. involves the 
titration 
chloride. А sample of the powder is extracted and the 
solvent 1s evaporated from the extract, the residue 
from the evaporation 1s dissolved m glacial acetic acid, 
aud an aliquot portion of this solution is then reduced 


of ferme ion with a solution of titanous 


bv a mixture of ferrous chloride and hydrochlorie 
acid. and the resulting ferric ion 1s titrated with a 
standard solution of titanous chloride with the use 
of ammonium thiocyanate as indicator, 2*5. 137.153 

This procedure has been found to be entirely. satis- 
factory for the determination of nitroglycerin and of 
diethylene glycol dinitrate in smokeless powder. 

It has been found that the detectable nitroglycerin 
in extracts of JPN-tvpe powder decreased with time 
if the solutions to be analyzed are allowed to stand 
either in ether or m glacial acetic acid. Storage of 
extracts for longer than one dav is not advisable: but 
if storage 1s necessary, the rate of the apparent de- 
terioration of the extract can be decreased by low 
temperature.??* 

No attempts were made to analvze powders contain- 
ing pentaerythritol tetranitrate. but analyses of a 
purified sample of this explosive by the procedure 
deseribed above were low by approximately one per 
cento? 

Fivonite (2.2.5,5-tetramethvlolevclopentanone tet- 
ranitrate) and DINA (diethanolnitramine dinitrate) 
could not be titvated quantitatively by the standard 
procedure. but satisfactory results were obtained 1f 
2.0 V ferrous chloride was substituted for the usual 
0.7 А olution. =: Only the nitric ester groups in DINA 
are reduced under these conditions; the nitramino 
group is apparently unaffected. Satisfactory results 
were obtained for the analysis of powders of modified 
Cordite N composition which contained these explo- 
sues. 1°" 

Nitroguamdine was slowly rednced under the con- 
ditions described above. but the results of a few pre- 
liminary experiments were not quantitative. Since 
nitroguanidine is somewhat soluble in ether, 1t may 
interfere with the estimation of nitric esters by the 
usual procedure. Therefore. powders containing this 
substance should be extracted with carbon tetrachlo- 
ride instead of with ether. The only nonchromato- 
graphie procedure studied at the California. Institute 
of Technology for the determination of nitroguani- 
dine in smokeless powder was a gravimetric British 
procedure based on the loss in weight resulting from 
extraction with hot water?” 


Dinitrotoluene supposedly is not reduced by ferrous 
chloride in the presence of nitroglycerin, but it сап 
һе determined by reduction with an excess of titanous 
chloride and back titration with a standard solution 
of ferric alum. This procedure has been found to be 
quite satisfactory for the determination of dinitro- 
toluene in FNH powder. 

The titanous chloride solution used in the titra- 
tions described above is customarily standardized 
against ferric ion obtained by oxidizing a known quan- 
tity of Mohr's salt. The procedure described in the 
government specifications involves oxidizing the 
sample of Mohr?s salt by titrating it with perman- 
ganate to the usual end point. A more rapid and 
equally satisfactory procedure is to oxidize the sample 
with bromime and to boil off the excess bromine before 
titration with titanous chloride. 


PROCEDURES FOR THE QUANTITATIVE ESTIMATION 
OF STABILIZERS AND NONEXPLOSIVE PLASTICIZERS 


The results of studies on nonchromatographic pro- 
cedures for the determination of stabilizers and non- 
explosive plasticizers incorporated in American and 
foreign propellants are presented below. Because of 
the differences in the chemical properties of these con- 
stituents, the material has been organized according 
to substances mstead of according to procedures as 
in the preceding section. 

Determination of Centralite. The customary chem- 
ical proceduves for the determination of centralite in 
smokeless powder involve. bromination to dibromo- 
centralite. Gravimetric procedures! *^'** which are now 
in use are more time-consuming than volumetric pro- 
cedures, and therefore have not been used extensively 
in this country. The two volumetric bromination pro- 
cedures which are in common use are the carbon tet- 
rachloride procedure of the Hercules Powder Com- 
рапу'?* and the alcohol procedure of the Naval Pow- 
der Factory and the Picatinny Areal. [n each 
procedure the sample to be analyzed is dissolved in 
the specified solvent and 15 treated with a known ex- 
cess of a standard solution of bromate-bromide. An 
excess of hydrochloric acid is added, and the centralite 
is brommated by the bromine which is liberated. An 
excess of potassium iodide is then added, and the 
iodine which is produced is titrated with a standard 
solution of thiosulfate. The carbon tetrachloride pro- 
cedure gives very satisfactory results, but the manipu- 
lations are somewhat cumbersome because the two- 
phase system must be shaken vigorously during the 
bromination and also during titration. The technique 
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of the alcohol procedure is easier because the bromina- 
tion and titration are carried out In a one-phase svs- 
teni; but the time and temperature of bromination 
must be controlled carefully in order to avoid errors 
due to bromination of the solveut. The advantages of 
both procedures can be combined 1n a one-phase svs- 
tem which is inert to bromine if glacial acetic acid ts 
used for the organic solvent. The details of the acetic 
acid procedure and the results of the analyses of repre- 
sentative powders by it are presented In а formal 
O 

Powder samples which are to be analyzed for cen- 
tralite by volumetric bromination procedures should 
not be extracted with diethyl ether, because peroxides 
in the ether may interfere with the subsequent analysis 
muc Tact. S 

Extracts of JPN powders can be stored at room 
temperature for at least two weeks in methylene 
chloride, or m glacial acetie acid without apparent 
decrease in the amount of centralite detected by voln- 
metric bronunation."** 

X-ray diffraction data for the identification of 
ethyl centralite have been obtarued. 

Determination of Diphenylamine. Three quite dit- 
ferent procedures are in general use for the esti- 
mation of diphenylamime im smokeless powder: the 
nitric acid-digestion procedure for the estimation of 
“total? diphenvlamine, the soda-distillation proce- 
dure for the estimation of “available? diphenylamine, 
and the chromatographic-spectrophotometrie proce- 
dure for the estimation of “actual? diphenylamine. 
Critical studies made of each of these 
procedures,'*° 

The nitric acid-digestion procedure™ 
digestion of a powder sample with a mixture of nitric 
and acetic acids under conditions which lead to al- 
most complete nitration of the stabilizer to hexani- 
trodiphenylamine, which is estimated gravimetrically. 
Since not only the unreacted diphenylamine but also 
all of the partially nitrated derivatives are estimated 
by this procedure the result is reported as total di- 
phenylamine. This procedure ts satisfactory for the 


have been 


° involves the 


purposes for which it 1s intended. 

The soda-distillation procedure for the estimation 
of available diphenylamine Involves the decomposition 
of the powder with aqueous sodium hydroxide and the 
distillation of the resulting mixture with steam. The 
distillate is then extracted, and the extract 1s analyzed 
for diphenvlamine by gravimetrie or volumetrie 
bromination procedures. It is claimed that any N- 
nitrosodiphenvlamine is converted to diphenylamine 


under the conditions of the soda distillation and is 
ultimately estimated as such. Sinee N-nitrosodiphen- 
у!апипе is also thought to exert a stabilizing action 
on the powder, the soda-distillation procedure may be 
sald to measure the total percentage of diphenylamine 
and derivatives available for stabilization. 

Subsequent studies have indicated that the soda- 
distillation and gravimetric bromination procedures 
determine the approximate total amonnt of diphen- 
Vlamime and N-nitrosodiphenylamine in а powder 
sample. but that the results tend to be somewhat low. 
Phe volumetric bromination procedure is not satis- 
factory for the analysis of distillates from powders 
containing a considerable amount of N-nitrosodiphen- 
vlanune, but British workers? claim that results 
agreeing with those from gravimetric bromination can 
be obtained if the distillate is reduced with titanous 
sulfate before it is extracted and analyzed. 

The chromatographic procedures described below 
for the estimation of actual diphenylamine and of 
diphenylamine derivatives are recommended if it is 
desired to estimate the percentages of unreacted di- 
phenylamine and of partially nitrated products in a 
sample of smokeless powder. 

Ether peroxides interfere with the volumetrie de- 
termination of diphenylamine just as they do with 
that of centralite. 

A-ray diffraction data for the identification of di- 
pheuvlamine and of some of its partially nitrated de- 
rivatives have been obtained. 

Determination of Diethyl Phthalate and Dibutyl 
Phthalate. Те digestion procedure Involving saponi- 
fication of phthalate esters during digestion of the 
powder with nitrie acid, precipitation of lead phthal- 
ate, and estimation of lead in the precipitate as lead 
sulfate! 7*7?! is tedious but is claimed to give repro- 
ducible results in the hands of an experienced oper- 
ator. 

Iu addition to the chromatographie-spectrophoto- 
metric procedure described in Section 6.11.2, a pro- 
cedure involving chromatographie separation and 
gravimetric estimation has been developed at the Rad- 
ford Ordnance Works. Attempts at the California 
Institute of Technology to develop a procedure in- 
volving chromatographic separation and volumetric 
estimation were promising but were not carried to 
СОТ ЛО ОШКОШ 

Determination of Urelhanes. Some attempts were 
made to develop chemical procedures for the estima- 
tion of ethylphenylurethane and diphenylurethane. 
These substances did not absorb bromine direetly but 
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could be hydrolyzed with alkali under drastie condi- 
tions to ethylaniline and diphenylamine, respectively ; 
these hydrolysis products could then be estimated by 
bromination. Work on the application of these proce- 
dures to the analysis of smokeless powders was dis- 
continued because the chromatographic-spectrophoto- 
metric procedures described below were found to be 
thoroughly satisfactory. 

Determination of Acardite, Acardite can be esti- 
mated quantitatively by the volumetric bromination 
procedure involving acetic acid. A chromatographic 
procedure for the estimation of this substance 1s de- 
scribed below. 

Determination of Diphenylformamide. Diphenyl- 
formamide does not react with bromine at a significant 
rate under customary conditions of analysis. The re- 
sults of experiments Involving alkaline hydrolysis and 
estimation of the resulting diphenylamine were en- 
couragme, but detailed analytical procedures were not 
developed because of the satisfactory nature of the 
chromatographic procedure described below. 


PROCEDURES FOR THE QUANTITATIVE ESTIMATION 
OF WOLATILE AND INORGANIC CONSTITUENTS 


Determination of Moisture and Volatile Solvent. 
On the basis of existing specifications, four methods 
for the determination of moisture 1n solventless double- 
base powder (the desiccation, the cone-and-dish, the 
carbon tetrachloride distillation, and the Karl Fischer 
procedures) were selected and subjected to a critical 
investigation. The results are collected in a formal 
Lepore = 

Desiccation over concentrated sulfuric acid was 
found to be the most reproducible procedure of those 
examined. Although at least four days 1s required for 
the determination of moisture by this procedure, the 
time of the analyst per analysis 1s less than that re- 
quired for any of the other procedures. Additional ex- 
periments indicated that desiccation under these con- 
ditions removes virtually all of the moisture but not 
more than a few hundredths of a per cent of the other 
constituents present 1n a powder sample. 

The cone-and-dish procedure"? for the estimation 
of total volatile matter is rapid and gives reasonably 
satisfactory results for the analysis of solventless pow- 
ders containing from 0.2 to 0.4% moisture; however, 
its success appears to be due to a balance between in- 
complete removal of water and loss of other constitn- 
ents from the system. 

Reflux distillation of the powder sample with car- 
bon tetrachloride, and collection of the water in a cali- 


brated trap 1з a satisfactory procedure for rapid control 
analyses in which an accuracy of 0.05% is satisfactory. 
Errors dne to sampling are reduced because a 100-g 
sample of powder is required for this procedure. 

Procedures involving the use of Karl Fischer re- 
agent??? are satisfactory when proper precautions are 
taken, but they cannot be recommended for control 
analyses. 

No studies were made of any procedure except the 
cone-and-dish for the determination of volatile con- 
stituents other than moisture. 

Determination of Nonvolalile Inorganic Constitu- 
ents, New chemical, spectrographic, and polarographic 
procedures that have been developed for the identifica- 
tion and estimation of nonvolatile inorganic constitu- 
ents In smokeless powder are described in a formal 
report; the findings are summarized in the fol- 
lowing paragraphs. 

Routine chemical procedures may be employed for 
the semi-quantitative analysis of cationic and anionic 
constituents in smokeless powders. Most of these pro- 
cedures are rather tedious and are not highly precise 
when applied to the estimation of constituents which 
are present only as traces. However, procedures for the 
estimation of moderate amounts of such constituents 
as graphite, carbon black, potassium nitrate, potassium 
sulfate, potassium perchlorate, and titanium dioxide 
have been shown to be satisfactory and are described 
in reference 157; procedures for the estimation of 
carbon black and potassium perchlorate in EJA pow- 
ders are described in more detail in a formal report on 
a complete procedure for the analysis of these powders. 

A rapid spectrographie procedure which has been 
developed for the semi-quantitative estimation of 
cationic constituents 18 a great improvement over the 
more cumbersome chemical procedures. The spectro- 
graph has proved to be very valuable for the prelimi- 
nary study of a powder of unknown composition and 
for the estimation of metals present only as traces. 

Polarographie procedures have also proved to be 
helpful for the determination of chloride, nitrate, 
nitrite, titanium, barium, and alkali metals. 

A simple conductometrie method has been devel- 
oped for the rapid approximate determination of the 
total percentage of water-soluble inorganic salts in a 
powder. 

In addition to the various semi-quantitative pro- 
cednres described above, X-ray diffraction studies have 
been fonnd to be a valuable aid in the identification of 
crystalline constituents. These studies are especially 
helpful in the examination of mixtures because they 
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provide information concerning the combmation of 
cations and anions in the original powder. Diffraction 
data have been obtained for magnesium, aluminum, 
ammonium nitrate, potassium nitrate, strontium ni- 
trate, barium nitrate, potassium sulfate, barium sul- 
fate, sodium chlorate, potassium chlorate, potassium 
perehlorate, and titanium dioxide (rutile). 


9112 Chromatographic-Spectrophotometric 
Methods" 


In 1906 a new method for the separation of the 
constituents of a mixture by selective adsorption was 
developed by the Russian botanist. Tswett. This meth- 
od, which was based on the unidirectional flow of a 
solution of the mixture through a column of adsorbent, 
was especially adaptable to the separation of colored 
substances ; it was therefore termed “chromatographic 
analysis” ог, more simply, “chromatography.” Al- 
though the potentialities of this new technique were 
recognized by a few nivestigators, httle application of 
it was made prior to 1931. Since that year, however, 
the use of chromatography has become widespread, 
especially in the separation and purification of natur- 
ally occurring organic compounds; its appheation to 
morganic substances has been limited. 

When work on propellants was begun at the Cali- 
fornia Institute of ‘Technology 1n the spring of 1942, 
the appheabihty of chromatography to the problems 
of powder chemistry was recognized at once, and a 
series of investigations was undertaken under OSRD 
Contract OF Msr-702. After July 1, 1945, this work 
was continued and extended under OSRD Contract 
Ol Msr-881. 

The chromatographic method has proved to be espe- 
cially valuable m the study of explosives when it is 
combined with the technique of absorption spectropho- 
tometry. By the use of chromatography it 1s possible 
to effect many separations and purifications which 
would be difficult or impossible to achieve without this 
technique; the compounds so isolated can, in most 
cases, be simply and accurately identified and esti- 
mated spectrophotometrically. 

The following summary of the chromatographic and 
spectrophotometric investigations which were done; 
includes a very brief general description of the chro- 
matographic method, a discussion of the development 
of the chromatographic-spectrophotometric method 
and of its application to the study of smokeless pow- 


r This section is taken from a report submitted by Kenneth 
N. Trueblood. 


sOSRD Contracts OIZMsr-702 and OF Msr-881. 


ders and related substances, and a short discussion of 
certain phenomena and relations which were observed 
during these studies and which are of general applica- 
bilitv in chromatographic and spectrophotometrie work. 

The general methods of chromatography, the devel- 
opment of chromatographic-spectrophotometrie tech- 
niques for application to the study of smokeless pow- 
ders, the chromatographic properties and absorption 
spectra of all of the compounds studied, and ргосе- 
dures for the quantitative determination of all of the 
important constituents of powders have been deseribed 
in detail in reports issued from the California Insti- 
tute of 'l'echnology.!?9-163 

A colored motion picture which illustrated the op- 
erations and techniques of chromatography has also 
been prepared. 


THE CHROMATOGRAPHIC METHOD 


The chromatographic method is best adapted to the 
isolation of compounds in quantities which are of the 
order of a few hundredths of a milligram to about 
fifty milligrams. The chromatographic process is сат- 
ned out in a vertical glass tube which consists of two 
sections, a long cylinder and а special adapter by 
means of which the cylinder 15 mounted on a filter 
flask. The chromatographic column is formed, or 
“packed,” by pouring the adsorbing material, the ad- 
sorbent, into the tube under the full force of an as- 
pirator, by means of which a strong suction 1s main- 
tained throughout the chromatographic experiment. 
The mixture to be analyzed is dissolved in а small 
volume of some selected solvent from which the sub- 
stance will be strongly adsorbed. This solution is then 
poured upon the adsorbent and drawn by continuous 
suction mto the column. Upon the subsequent addi- 
tion of portions of the same solvent, or of a different 
solvent, or mixture of solvents, the adsorbed substances 
migrate slowly down the column at rates which depend 
upon their respective adsorption affinities. This pro- 
cedure is termed development, and the solvent or mix- 
ture of solvents which is used to effeet the separation 
of the adsorbed substances is called the developer. 
When development has been properly carried out the 
various solutes are distributed through the adsorbent 
in a series of well-defined zones, separated from each 
other by portions of the column which are free of ad- 
sorbed material. The most strongly adsorbed substance 
is nearest the top of the column, and the least strongly 
adsorbed nearest the bottom. When proper separation 
has been attamed the development is halted and the 
column 15 extruded from the tube. 
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If some of the constituents of the mixture form 
colorless Zones on the column, these zones may usually 
he located on the extruded chromatogram bv applying 
thin streaks of suitable reagents along the entire length 
of the column: a suitable reagent for a particular sub- 
stance is one which produces a noticeable color 
throughout a жопе of the compound. The location of 
colorless zones for which a streak reagent cannot be 
found is a more diflieult and tedious task and can usu- 
ally only be done empirically : occasionally use can be 
made of some special propertv of a compound such as 
fluorescence m ultraviolet light. 

After the zones have been located thev are separated 
from each other by cutting the column into sections: 
all portions which are contaminated with streak re- 
agent are carefully removed and discarded. The in- 
dividual zones are then transferred to separate flasks 
and mixed with a suitable solvent which removes the 
adsorbed substance from the adsorbent: this process 18 
termed elution and the solvent which is used 15 called 
the eluent. The suspended adsorbent 1s removed from 
the mixture by filtration through a sintered glass fun- 
nel. and elution is completed bv drawing additional 
quantities of eluent through the filter cake. The filtrate 
thns obtained ts termed the eluate. The process of elu- 
поп is the final step in the chromatographic procedure. 

The eluate of each of the separate zones contains, 
ideally, only one compound : sometimes, however, it 15 
impossible to achieve a complete separation of all of 
the constituents of a mixture in one chromatogram. 
In such case certain of the zones will contain two or 
more compounds. Such mixtures can usually be sepa- 
rated by rechromatography ; the eluate of the zone 1s 
reed of solvent by evaporation, and the residue 1s dis- 
solved in a suitable solvent. and is again chromato- 
graphed, usually under shghtlv different conditions 
than before. 

After each zone has been purified to the desired 
extent, the course of further investigation of the eluate 
will depend upon the nature of the substance or sub- 
stances In the eluate and upon the objectives of the 
work. A discussion of some of the possible procedures 
Ix given here. 


DEVELOPMENT OF THE CHROMATOCRAPHIC-SPECTRO- 
PHOTOMETRIC METHOD FOR APPLICATION ТО THE 
STUDY OF SMOKELESS PowprErs AND RELATED SUB- 
ТС 

A considerable amount of preliminary experimen- 


(ation was necessary before the methods of chromatog- 
raphy and spectrophotometrv could be applied. suc- 


cessfully to the analysis and study of smokeless pow- 
ders and related substances. A brief account of the 
principal problems which arose and of the manner in 
which these problems were solved is presented in the 
following paragraplis: a detailed discussion is given 
in references 160 to 162. 

The first and perhaps the most important task was 
the selection of a suitable chromatographic adsorbent. 
Some early success was achieved with calcium hydrox- 
ide, Neutral Filtrol, alumina, and tale; however, each 
of these adsorbents possessed certain undesirable char- 
acteristics. Silicie acid, on the other hand, appeared 
to be entirely satisfactory for the chromatography of 
the constituents of smokeless powder and was, there- 
fore, used almost exclusively throughout the entire 
program of work; the discussion which follows ap- 
plies lo chromatographic work on silicic acid unless 
specifically slated otherwise. Because the rate of filtra- 
tion of solvents through silicic acid is extremely slow 
it is desirable for chromatographic purposes to mix the 
silicic acid with a filter aid. A mixture of two parts 
by weight of Merck’s reagent silicic acid with one part 
of Celite 535, a product of the Johns-Manville Corpo- 
ration, 1s generally satisfactory as an adsorbent ; minor 
variations from the 2/1 ratio are sometimes desirable 
because of variations m the rates of filtration through 
different lots of silicic acid. 

Preliminary experiments on the chromatography 
of nitrocellulose met with no success; furthermore the 
presence of this material on the column during the 
chromatographic determination of the other constitu- 
ents of powder proved to be very objectionable. Hence 
i procedure for the quantitative. separation of the 
nitrocellulose from the other organic constituents 
which are present m a smokeless powder was necessary. 
Extraction of the powder in a Soxhlet apparatus has 
been used for this purpose by powder chemists, but an 
excessively long time is usually required for complete 
extraction. It was found, however, that the efficiency 
of the method can be greatly increased by first sub- 
dividing the powder into pieces about 0.1 mm thick ; 
this can be done conveniently with a sliding micro- 
tome, using a special cutting tool for especially hard 
powders. A double-base powder can then be completely 
extracted with anhydrous ether or methylene chloride 
in two or three hours; a somewhat longer time is re- 
quired for FNH or single-base Pyro powders. With the 
exception of Inorganic material, nitrocellulose, and а 
few other substances which are extremely insoluble in 
the extracting agents, all the common constituents 
of powders will be present in the extract. 
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Because ether is an eluent for most substances, it 
must be removed entirely from an extract before 
chromatography, in order that the substances 1n the 
extract will be adsorbed and not merely washed 
through the column. The complete removal of the 
ether is satisfactorily accomplished by evaporation 1n 
a slow stream of air. The residue may then be dissolved 
in benzene. diluted with about an equal volume of lig- 
roin, and chromatographed. A methylene chloride ex- 
tract need not be evaporated; rt may be chromato- 
eraphed directly after dilution with about an equal 
volume of hgroin. Methylene chloride is at least as 
effident as ether as an extracting agent for powder ; 
indeed. some evidence indicates that it may even be 
superior. 

In general a satisfactory solvent for placing a com- 
pound on a chromatographic column, 1s one which 15 
a very weak developer for the componnd ; If the solvent 
is a strong developer or an eluent for the particular 
substance, the latter will be spread throughout most 
or all of the column and proper development will be 
impossible. Ligroin is essentially an ideal solvent for 
placing most substances on the chromatographic col- 
umn because it has ahnost no developing action. If a 
compound 1s Insoluble in ligroin it is generally possible 
to obtain a satisfactory solvent by dissolving the com- 
pound in a stronger developer and diluting the result- 
ing solution with ligrom until the developing action 1s 
sufficiently weakened. Benzene 1s most frequently used 
with ligroin in this manner, 

It must be emphasized that the term “developer” is 
a relative one; a mixture of solvents which is a good 
developer for one compound may be an elnent of a 
second substance or may leave a zone of some third 
substance at the top of the column. In general the 
nore polar a solvent, the stronger its developing action. 
Thus, hgroin is the weakest developer, benzene and 
methylene chloride are somewhat stronger, and ether, 
ethyl acetate, acetone, and ethanol are powerful de- 
velopers or eluents for most substances. By Judicious 
selection and admixture of these solvents, and of others 
in certain special cases, a wide range of developing 
actions may readily be achieved. 

The most common and convenient eluents are ether, 
ethanol, and a mixture of equal volumes of acetone and 
ether. A solvent which is used as an eluting agent 
should have no properties which interfere with or 
complicate subsequent operations upon the eluate. 

Most of the common constituents of smokeless pow- 
ders are colorless: the chief exceptions are the nitra- 
tion products of the stabilizers, and these compounds 


are normally present only in small amounts. The po- 
sitions of the colored zones on a column may sometimes 
serve as convenient indicators of the approximate posi- 
tions of the colorless zones. However, accurate loca- 
tion of most colorless zones can be conveniently accom- 
plished only by means of a streak reaction with some 
appropriate reagent. It is desirable that the streak re- 
agents which are employed react with a wide variety of 
compounds, so that the number of streaks necessary to 
locate all of the colorless zones on a particular column 
may be kept to a minimum. Many streak reagents 
were developed for the various types of compounds 
which are to be found in smokeless powders ; the most 
useful of these are a solution of cene sulfate or vana- 
dium pentoxide in sulfurie acid, appheable to a wide 
variety of phenyl-substituted ureas, urethanes, and re- 
lated compounds; a solution of diphenylamine in sul- 
furic acid, applicable chiefly to nitric esters and N- 
nitroso compounds; an aqueous solution of sodium 
hydroxide or potassium hydroxide, a satisfactory re- 
agent for many nitro compounds; and a solution of 
sodium mitrite in sulfuric acid, which gives colors 
with diphenylamine and certain of its derivatives. 
Several other streak reagents were found to be ap- 
plicable to a linuted number of compounds. 

An ultraviolet spectrophotometer affords the sim- 
plest and most generally applicable means for the pre- 
liminary identification of unknown substances and the 
qnantitative estimation of known compounds. With 
the aid of this instrument it is possible to identity as 
little as a few hundredths of a milligram of many 
compounds and to measure accurately quantities of the 
order of one milligram. Hence an ultraviolet spectro- 
photometer 15 almost indispensable for use in conjunc- 
tion with the technique of chromatography. 

In pretinunary experiments on the quantitative re- 
covery of certain constituents of smokeless powders 
from the chromatographic column, it was discovered 
that impurities in the adsorbent and in the various 
organic solvents used in the procedures made 1t im- 
possible to obtain reproducible results. It was found 
that the solvents could be rendered sufficiently pure 
by distillatton 1n an all-glass still; this method of puri- 
fication was used thereafter for all solvents. The re- 
moval of the impurities in. the. adsorbent could be 
accomplished satisfactorily by washing the column 
with a specified volume of anhydrous ether and then 
with hgroin before introducing the sample. This “pre- 
washing" treatment tends to make the adsorbent 
somewhat stronger by removing water from it; it was 
found later that a modified prewash employing а 
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mixture of equal volumes of acetone and ether 1n- 
creases the strength of the adsorbent even more by 
removing additional water. The prewashing treat- 
ment first described was used 1n most of the chromato- 
gvaphie work and was generally satisfactory ; the mod- 
ified procedure was employed only in special cases 
when the ordinary procedure was madequate. 

The most suitable solvent for spectrophotometric 
measurements 1s absolute ethanol. Many of the solvents 
which are commonly used as developers show appre- 
lable absorption in the ultraviolet region of the 
spectrum, and, hence, interfere with a spectrophoto- 
metric measurement. Since an extruded column 1s 
usually still wet with an appreciable quantity of the 
developer some of this solvent will be carried, with 
the adsorbed substance, into the eluate and will there- 
by render impossible spectrophotometric measure- 
ments on the eluate. The objectionable solvent can 
readily be eliminated, however, by evaporation to dry- 
ness under reduced pressure. The absorption spectrum 
of the residue сап then be measured after the material 
has been dissolved in absolute ethanol. 

If the adsorbed compound 1s appreciably volatile it 
will be partially or completely lost when the eluate 1s 
evaporated to dryness. Hence, with such a compound 
an alternative method of removing the developer 18 to 
be preferred: after development has been completed, 
the chromatogram is washed with 28 to 58 C ligroin 1n 
order to remove the less volatile solvents, the zone 1s 
cut in the usual fashion, allowed to dry in aiv for about 
one hour, and then eluted divectly with ethanol. 

Certain modifications m the procedure outlined 
above are necessary in quantitative work, Calibrated 
glassware must be employed in diluting the extract 
of the powder, and in measuring the sample for 
chromatography, and special care must be taken to 
insure that the sample 18 transferred quantitatively 
to the column. In a quantitative determination the 
streak reagent is used only to delimit the zone and is 
not applied to the main portion ; thus the losses because 
of contamination by streak reagent are minimized. 

3efore a compound can be quantitatively estimated 
with the aid of the spectrophotometer it 1s necessary 
that an extinction coefficient at a suitable wavelength 
be accurately measured with a pure sample of the 
substance. The most convenient. wavelength 1s gener- 
ally one at which the absorption spectrum of the com- 
pound has a maximum. 

In all quantitative spectrophotometric work it 1s 
essential that calibrated glassware be used and that the 
temperature be controlled, because the optical density 


of a solution of a given compound varies directly with 
concentration. In addition it is necessary to make a 
blank correction for the entire chromatographic pro- 
cedure and certam minor corrections incident to the 
method of measurement of the optical density. 

Quantitative measurements can be made without 
the aid of a spectrophotometer, but they are consid- 
erably less convenient. For example, 1t 1s possible to 
isolate PETN by chromatography and to determine 
the quantity by direct weighing or to isolate mitro- 
elycerm by chromatography and to determine the 
quantity by the usual volumetric procedure. In gen- 
eral, however, spectrophotometrie estimation is much 
to be preferred when it 1s feasible; nitrie esters are 
among the few constituents of smokeless powders 
which cannot conveniently be estimated. spectrophoto- 
metrically. 


APPLICATIONS OF THE CHROMATOGRAPHIC-SPECTRO- 
PHOTOMETRIC METHOD TO THE STUDY OF SMOKELESS 
POWDERS AND RELATED SUBSTANCES 


The chromatographic-spectrophotometrie method 
can be apphed successfully to a variety of analytical 
problems in powder chemistry ; the applications which 
have already been made range from routine quantita- 
tive estimation of the common constituents of powders 
to exhaustive qualitative and quantitative analyses of 
powders of unknown composition. The exact manner 
in which a particular problem should be attacked can- 
not of course be specified, but the following generali- 
zations can safely be made. 

If the components of the mixture to be analyzed are 
already known, as, for example, in the analysis of an 
American propellant, it is generally necessary only 
to experiment with pure samples of these compounds 
until an effective scheme for the quantitative separa- 
tion and estimation of the desired material has been 
devised. In the analysis of a powder of uncertam com- 
position, such as a foreign propellant or an artificially 
aged powder, a complete qualitative analysis must first 
be made. Even when all the components of a powder 
are not known it is sometimes possible to predict what 
compounds are hkelv to be present; а preliminary 
study of the properties of these substances will then 
greatly simplify their detection and estimation im the 
powder. Frequently, however, completely unfamiliar 
compounds are detected ; the general manner in which 
the identification. of such substances is effected can 
be outlined briefly as follows. 

The chromatographic behavior, streak reactions, and 
absorption spectrum of an unkown compound are first 
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compared with those of all of the Known compounds 
which have been investigated. This procedure often 
affords important clues as to the nature of the uniden- 
tified material: for, after a sufficient number of eom- 
pounds have been examined, certain correlations can 
often be established between the structure of a com- 
pound aud its streak reactions, chromatographic be- 
havior, and absorption spectrum. Sometimes an un- 
known compound may be isolated 1n sufficient. quan- 
tity aud purity for melting-point determination, mì- 
eroaualysis, or other appropriate treatment. 

If the readily available evidenee as to the identity 
of the unknown is insufficient for positive identifica- 
tion, the only remaining course is to prepare or ob- 
tain the compounds which have the most likely struc- 
tures and to compare the properties of these com- 
pounds with those of the unknown matenal. Hence, 
a complete qualitative analysis is often a long, labori- 
ous task. 

During the course of the studies of smokeless pow- 
ders and other explosives by chromatographic and 
spectrophotometric methods, detailed investigations 
were made of the chromatographic behavior of a wide 
variety of compounds. The characterization of the 
chromatographic behavior of a compound involves 
the determination of a suitable solvent for placing 11 
on the column, of a means for locating 1t on the col- 
umn, of its behavior with several different types of 
developers, of methods by which it may be separated 
from other compounds of similar adsorption affinity, 
and of a satisfactory eluent. More than thirty ex- 
plosives, stabilizers, and plasticizers were Investigated, 
including all of the common constituents of single- 
base and double-base powders, with the exception of 
nitrocellulose and inorganic substances. A detailed 
and complete investigation was made of the chroma- 
tograplie behavior of RDA, and of nine of the com- 
pounds closely related to it in connection with the 
development of a method for the analysis of com- 
mercial samples of КОМ for impurities (see Section 
1.2). Extensive investigations of the transformations 
of diphenylamine and centralite in their roles as 
stabilizers in smokeless powders required a thorough 
study of the chromatographic properties of about 
twenty nitration and nitrosation products of diphen- 
ylamine and about twenty-five compounds which are 
related to ethyl centralite. The derivatives of diphen- 
vlamine were chromatographed on calcium hydroxide 
as well as on silicic acid; the former adsorbent was, 
however, preferable only for a few specialized sep- 
arations. 


The absorption spectra of all the above-mentioned 
compounds, and of about fifty others related to them, 
were measured 1n absolute ethanol with a Beckman 
ultraviolet spectrophotometer. ‘The related compounds 
Included some substances which were considered аз 
possible transformation products of diphenylanine ог 
centralite but which were never detected 1n powders, 
some compounds which were prepared for testing as 
stabilizers and plasticizers in experimental powders, 
and a few miscellaneous compounds. 

Chromatographic - spectrophotometric procedures 
were developed for the quantitative estimation of al- 
most all the stabilizers and plasticizers and a few of 
the explosives which were encountered II American 
and foreign propellants. Most of these procedures 
were sunpler and more general in applicability than 
the older and more conventional chenneéal methods: 
for several of the compounds no analytical procedure 
other than the chromatographic-spectrophotometric 
one has yet been developed. Methods were also de- 
vised for the roughly quantitative estimation of many 
of the transformation products of diphenylamine and 
centralite in powders. 

Although the quantitative and roughly quantita- 
tive procedures could be standardized to some extent, 
frequent checking and occasional modification or re- 
vision were essential because of the possible presence 
in à powder of previously nnencountered compounds 
and because of variations an the adsorptive strength 
of the sihere acid from lot to lot. 

Rontine Analyses. One of the conumnonest, though 
least exciting, applications of chromatographic-spec- 
trophotometric techniques has been 1n. routine quan- 
titative analyses for certain common constituents of 
various standard powders. 

Precise and reliable methods have beeu developed 
which are in most cases equal or superior to older 
methods both in couvemence and accuracy. Although 
it is not possible to determine nitric esters spectro- 
photometrically, the chromatographic method 15 of 
ereat advantage in the analysis of mixtures of these 
substances which are otherwise difficult to analyze. 
For example, a mixture of nitroglycerin and dieth- 
vlene glycol dinitrate can be separated quantita- 
tively into its components by chromatography, and 
the individual esters can then be separately estimated 
by the standard volumetric procedures. 

Analyses of Foreign Propellants. The chromato- 
eraphic-spectrophotometric method is best adapted 
for use with micro or semi-micro quantities of mate- 
rial, and for this reason it is ideally suited to the 
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analysis of small samples of smokeless powder of un- 
known composition. A typical qualitative analysis rc- 
quires perhaps 0.5 g of powder and a quantitative 
analysis can usually be completed with less than 2 g. 
The identification of a hitherto unencountered com- 
ponent of a powder is greatly simplified by a study of 
its absorption spectrum and chromatographic be- 
havior, particularly in regard to its streak reactions. 
If necessary, a few centrigrams of the material can 
readily be isolated for microanalysis. 

Examples of the application of the chromatographic- 
spectrophotometric method to the analysis of foreign 
propellants are included 1n several reports" and 
are discussed in Section 6.1 f. 

Investigations of the Chemical Changes Which Take 
Place in Smokeless Powders under Various Condi- 
lions. The chromatographic-spectrophotemetric meth- 
od 1s the only satisfactory technique vet developed for 
studying the complex chemical reactions which take 
place in smokeless powder under various conditions, 
such as aging. irradiation, and storage at elevated tem- 
peratures. The method has so far been apphed ex- 
clusively to the study of the transformations of the 
stabilizers, ın particular, diphenylamine and cen- 
tralite: the investigation of the degradation products 
of the explosive constituents of a powder would be an 
extremely complex task, especially since the spectro- 
photometer would be of httle use. 

An early attempt to study the effects of irradiation 
on several donble-base propellants by spectrophoto- 
inetrie examination of thin sections of these powders 
met with little sucecess.!5*2?9* Althongh a fairly satus- 
factory method for measuring the absorption соећ- 
cients of the powders was devised, lack of information 
as to the nature of the absorbing compounds prevented 
a complete appraisal of the effects of the irradiation. 

One of the early applications of chromatographic- 
spectrophotometric techniques was in a study of the 
effect on the diphenylamine content of ballistite of 
the processing operations which are incident to the 
preparation of this powder for use in rocket motors.!^^ 
It was found that the percentage of stabilizer in the 
powder decreased negligibly during these operations. 

A variety of techniques was used to investigate the 
stability of propellants, as discussed in Section 6.12 ; 
one of these methods was the study of the rate of de- 
pletion of the stabilizer during storage at elevated 
temperatures. It was hoped that a comparison of the 
rates of depletion of a given stabilizer in powders of 
similar but slightly different composition, would 1n- 
dicate the effects of certain variations in composition 


on the relative stabilities of the powders. Among the 
powders which were studied after storage at tempera- 
tures near 20 € (abont 160 F) were trench mortar 
sheet," " a series of modified ballistites.!9:!59 several 
double-base powders which contained RDX but no 
nitroglyeerin,?? and two Albanite powders (see Sec- 
tion 6.7). In addition, a study was made of the rate 
of depletion of diphenylamine in ballistite JP 204 
and ш an FNH powder, RPL 141, at 80. 90, 100. 
and 110 © in the vacuwn stability test. The results 
of all of these studies are discussed briefly in Section 
6.12. 

An exhaustive study was made of the transforma- 
tion products of diphenyvlamine in double-base pow- 
ders," and in FNH and single-base pyro powders,” 
during storage at elevated temperatures. With the 
exception of a compound which contained the cation 
of diphenvlamine blue, a triphenvimethane-type pig- 
ment winch was detected in small amount, all the 
identified products from both types of powders were 
nitro and N-nitroso derivatives of diphenylamino. 
The double-base 
powder may be listed as follows: 


derivatives which were found in 


N-Nitrosodiphenylamine  N-Nitroso-2,4’-dinitrodi- 


2-Nitrodiphenylamine phenylamine 
4-Nitrodiphenylamine N-Nitroso-4,4’-dinitrodi- 
N-nitroso-2-nitrodiphenyla- phenylamine 


mine 2.2' 4-Trinitrodiphenyl]amine 
N-nitroso-4-nitrodi- 2,4,4"- Trinitrodiphenylanine 
phenylamine 2,2’,4,4’-Tetranitrodiphenylamine 


2,2',4,4',6-Pentanitrodiphenyla- 
mine 

2,2/,4,4',6,6'- Hexanitro- 
diphenylamine 

2,4,6-Trinitrophenol (реле acid) 


2,2’-Dinitrodiphenylamine 
2,4-Dinitrodiphenylamine 

2,4’-Dinitrodiphenylamine 
4,4'- Dinitrodiphenylamine 


According to the results of quantitative determina- 
tions of diphenvlamine and its derivatives in a series 
of samples of ballistite JP 204 which had been stored 
at 71 С, the first reaction of diphenylamine 18 ap- 
parently an overwhelming conversion to N-nitroso- 
diphenvlamine. After the diphenvlamine has been 
exhausted, N-nitrosodiphenvlamine decreases rapid- 
ly, and N-nitroso-4-1itrodiphenylanine aud the dini- 
tro and trinitro derivatives make their appearance. 
Tetranitrodiphenvlanune appears when the trmitro 
compounds are present in considerable quantity and 
increases rapidly when most of the material 15 1n the 
form of the trinitro derivatives. When the tetranitro 
derivative is present in large quantity, pentanitrodi- 
phenylamine, hexanitrodiphenylamine, and some pic- 
ric acid are produced. 

In FNH and a single-base pyro powder, the trans- 
formation of diphenylamine had only reached the 
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stage of the trinitro derivatives in the last samples 


whieh were studied: however, up to ihis point the 
course of the trausformation resembled closely that 
Which was found to take place m double-base powder. 

The actual reactions involved. m the consecutive 
transformations of diphenvlamine into its derivatives 
are not vet known. There is definite indication that, 
in addition to a scheme of nitrosamine rearrangement 
as In the Fischer-Hepp reaction. followed by oxida- 
tion, manv other tvpes of reactions are responsible for 
the transformations. These possible reactions include 
A - nitrosation. direct nitration of 
amines or iitrosamines, and the oxidation of nitros- 


denitrosation, 


amines to mitranines followed by rearrangement. 
Studies of several experimental double-base powders 
in Which diphenvlamine derivatives were incorporated 
showed that N-nitrosation and denitrosation аге im- 
portant In certain stages of the degradation of the 
stabilizer. 

by assuming that the reactions responsible for the 
consecutive transformations of diphenylamine occur 
by a simple scheme and that the reactions are pseudo 
first order, reaction rate constants for the formation 
and destruction of each derivative in double-base pow- 
der have been determined. No corresponding analysis 
has been performed for the reactions in single-base 
powder. 

An outstanding difference between ballistite and 
single-base and FNH powders lies in the overall rate 
of transformation of diphenylamine and its deriva- 
tives. The rate of transformation in single-base pyro 
powder 1s only one-tenth that in ballistite: in FNH 
powder. transformation proceeds at an even slightly 
slower rate. In double-base powders which contain 
RDA in place of nitroglycerin, the rate of depletion 
of diphenylamine is comparable to that m single-base 
powder and is much smaller than that in ballistite. 

After the exhaustion of diphenylamine the percent- 
age of diphenvlanine which is accounted for as its 
derivatives falls to a nearly constant level, 60 to 65 
per cent, in single-base as well as in double-basc 
powder. In FNH powder, on the other hand, the 
recovery of dipheuvlamine 1s substantially 100 per 
cent until the diphenvlamine is exhausted and is com- 
paratively high thereafter. It is not known why the 
addition of dinitrotoluene to pyro powder or its sub- 
stitution for nitroglycerin in ballistite should iulhibit 
the reactions which are responsible for the loss of 
diphenylanune. 

A careful study of the transformation products of 
ethyl centralite ın double-base powders during stor- 


age at about 20 C was likewise made." Both cordite 
JP 76, which contains Эсе of centralite, and Radford 
Pilot Lot No. 142, which contains 1% of this sta- 
bilizer, were investigated. These studies proved to be 
cousiderably more complex than the investigations 
of the transformation of diphenylanune; the trans- 
formation of centralite takes place more slowly, and 
the course of the reactions is less clear than with 
diphenvlamine. 

The identified transformation products of centralite 
may be elassified in two general groups. One group 
contams the compounds in which the urea structure 
Is still present, and the other those 1n. which it has 
been split. The chief compounds so far detected 1n 
the first category are 4-nitrocentralite, 4, 4^ -dinitro- 
the latter 
compound has been found only in small amounts 1n 
the longest-heated samples. 2-Nitrocentralite and N- 
ethvicarbanilide are also found but are present in 
much smaller amount than the other compounds. In 


centralite.. and 2,4.4’-trinitrocentralite: 


the second category the chief products are N-nitroso- 
N-ethvlaniline and N-nitroso-4-nitro- N-ethvlaniline ; 
traces of other compounds such as 4-nitro-N-ethylan- 
iline, 2-nitro-N-ethylaniline, 4-nitroaniline, and 4- 
nitrophenol can also be detected. In addition to the 
compounds which have been identified. there are 
several substances 
whose streak reactions and adsorption spectra re- 
semble those of some of the known derivatives. To 


apparently minor unidentified 


ald in the study of the course of the transformations 
of the derivatives of centralite, several experimental 
powders which contained various transformation prod- 
ucts of centralite as stabilizers were prepared. 

At 65 C the transformation of centralite in cordite 
JP %6 differs notably from that in RPL 142. In 
cordite N-nitroso-N-ethylanihne is the major pri- 
шагу transformation product of centralite, although 
soue 4-1utrocentralite is also formed; m RPI 142, 
on the other hand, the situation is reversed and 4- 
nitrocentralite predominates. Furthermore the rate 
at which centralite disappears from cordite 15 about 
five times as great as that at which it is depleted from 
RPL 142. In each powder, after depletion of the 
centralite, only about one-half of the ceutralite which 
has disappeared can be accounted for in terms of 
known derivatives. It has been determined that no 
more than а nunor portion of the “missing” centralite 
is volatilized during the heating of the powders, 

It is apparent that a considerable amount of work 
on the transformations of centralite 1n. double-base 
powder remains to be done. In this connection it 
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should be mentioned that a parallel investigation of 
the applications of chromatography to the examina- 
tion of explosives and, in particular, of heated cordite 
is in progress in England. 1s 

Analysis of Commercial RDX. Chromatographic- 
spectrophotometric techniques were successfully ap- 
plied to the analysis of commercial production lots of 
RDX and RDX(B),"*1'* These experiments have 
been described in Section 1.2. 


CONCLUDING REMARKS 


During the chromatographic studies of smokeless 
powders and related substances, many phenomena 
and relations were observed which are of mterest and 
value 1n the general application and theory of chroma- 
tography. Because these matters were not of primary 
concern, however, the observations pertaining to them 
were usually only incidental. 

First, the relative ehromatographie positions of 
many similar compounds were considered, and some 
observations were made on the relation between the 
structure of a compound and its adsorption affinity 
on silicic acid. It was soon noted that the adsorption 
affinity of one compound relative to another is often 
a function of the type of developer which is employed ; 
frequently it 1s possible to produce an inversion in 
the positions of two substances by a change in the 
type of developer. Later 1t was discovered that the 
position of опе compound relative to another can 
often be changed merely by an alteration im the de- 
veloping strength of a developer without any change 
in the nature of the components of the developer; 
this appears to be related to a phenomenon which has 
been termed the “threshold effect.” Finally, a num- 
ber of instances were found in which a presumably 
homogeneous compound produced two distinet and 
separate zones on the chromatographic column under 
certain specified conditions. Although some examples 
of this anomalous “double zone effect” could ap- 
parently be explained in various ways, others defied 
all interpretation. 


6.12 STABILITY OF PROPELLANTS! 


Studies of the stabihty of propellants by Division 
8 divide themselves into two parts: studies of donble- 
base powders at the Cahforma Institute of Tech- 
"The discussion of the stability program at the California 
Institute of Technology is taken from a summary prepared by 


Jerry Donohue, William N. Lipscomb, John W. Otvos, and 
David P. Shoemaker. 


nology and studies of other propellants at the Ex- 
plosives Research Laboratory. There was so little 
overlapping of these two programs that they are best 
discussed separately. We shall begin with the work 
of the Explosives Research Laboratory. 

Surveillance studies over a period of two and a 
half years showed that solvent-extruded composite 
propellants (Section 6.2) and powders related to 
Albanite (Section 6.7) had more than adequate sta- 
bility for military purposes. It was shown further 
that the results of the 65 C surveillance corresponded 
well with practical observation of powder stability. 
Analyses of the stabilizer content of samples under 
survelllance gave useful estimates of the life of the 
powder. By contrast, the 120 C and the 155 C thermal 
stability tests and the Dergmann-Junk tests were of 
little usefulness.7° 1" 

A theoretical treatment has been made of adiabatic 
ignition. The theory predicts the rate of self-heating 
of an explosive for which kinetic constants on decom- 
position are available. Since the rate constant and 
activation energies were available from gas evolution 
measurements for NENO and MNO, it was possible 
to calculate the ignition. times ot these explosives 
under adiabatic conditions; the calculated and ex- 
perunental results agreed well. The theory accurately 
predicted the entire time-temperature curves for the 
self-heating of these explosives. 

The test was then applied to solvent-extrnded com- 
posite propellants, and to powders which contain 
stabilizer, ( Unless stabilizer is present the decom- 
position is autocatalytic, and the equations for adia 
batie ignition do not apply.) In the absence of auto- 
catalysis a powder cannot decompose faster than it 
will under strictly adiabatic conditions. The results 
of adiabatic ignition experiments, therefore, permit 
a calculation of the minimum life of a powder under 
any conditions, provided only that stabilizer is present. 

The program of studies of the stability of smoke- 
less powder at the California Institute of Technology 
included the development and extensive application 
of chromatographic - spectrophotometric techniques 
for the measurement of the amount of stabilizer and 
of the transformation products of stabilizers in double- 
base powder, the development of a technique for the 
application of the vacuum stability test to the ez- 
amination of small samples of double-base powder, 
the development of a Inghly modified form of the 
Tahiani-type test, and the development of a standard 
procedure for making pH measurements on double- 
base powders. In addition, preliminary experiments 
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were made leading to the development of other sta- 
bility tests: a test based on the interaction of powder 
and nitrogen dioxide at room temperature, a rocket 
safe test, and a test for "available ите” in double- 
base powder. 

One result of this program was the accumulation 
of a large quantity of new data relating to the sta- 
bility of single-base and double-base powders having 
а wide vaniety of compositions. For exaniple, vacuum 
stability tests were made on over 500 powders ot 
which over 200 were pilot lots ^" of rocket propellants 
which were submitted by the Army and Navy. Other 
investigations showed that there was no correlation 
between the stability and the color changes under- 
gone by a certain powder, and that powder made fron 
100% rework was as stable as that made without 
reworked material.'^ ^7 

The results of all these stability. tests are. sum- 
marized briefly in the following ten subsections. 


6.12.1 Consecutive Transformation of 


Diphenylamine in Double-Base Powder 


A systematic investigation of the consecutive trans- 
formation of diphenylamine im double-base. powder 
upon storage at surveillance temperatures was carried 
out using the chromatographic-spectrophotometric 
analytical techniques described in Section 6.11. The 
results of this study, and an extended discussion of 
them have been presented in a formal report”? deal- 
ing with the stabilization of smokeless powder by 


diphenylanine; they ате briefly summarized in the 
following paragraphs. 

Saniples of JP 204, a ballistite stabilized. with 
diphenylamine, were stored at 71 C for various peri- 
ods of time up to over 174 days. As the samples were 
removed from storage, analyses were made for di- 
phenylanune and all of its nitro and nitroso deriva- 
tives which had been previously detected in artificially 
aged ballistite. These analyses accounted for only 50 
to 60 per cent of the original diphenvlamine content of 
the powder: the fate of the remaining diphenvlamiue 
is not kuown. The heating also resulted in the forma- 
tiou of dark-colored pigments, at least one of which was 
shown to be related to diphenvlanime blue. The analy- 
tical data which were obtained by chromatographic- 
spectrophotometric methods are shown in Table 7. 

A schematic representation of reactions which 
might be involved im the consecutive transformation 
of nitroso and nitro derivatives of diphenylamine is 
shown in Figure 10. 

A mathematical treatment of the reactions involved 
in the consecutive traustormatious of diphenylamine 
was carried out on the assumption that they consti- 
tuted a system of pseudo first-order reactions." For 
the details of the mathematical analysis, see refer- 

“A system of pseudo first-order reactions may be defined as 
one in which a set of consecutive and competing reactions 
which do not follow the first-order law may nevertheless be 
amenable to the mathematical treatment for first-order re- 
actions provided the effective first order rate constants, al-. 


though themselves not constant, have constant ratios to each 
other. 


TABLE 7. Derivatives of diphenylamine isolated from grains of ballistite JP 204 during storage at 71 C.* 


Content of: 


Duration of heating (days) 


Diphenylamine 7.11 4.27 1.60 0.0 

N-NO-DPA 0.42 2.08 3.55 4.47 
2-NO;DPA 0.08 0.13 0.10 0.31 
4-NO.-DPA 0.02 0.07 0.09 0.14 
N-NO-4-NO;-DPA 0.45 
2,2'-diNO; DPA 0.04 
2,4’-diNO.-DPA 0.19 
4,4’-diNO.-DPA 0.06 
2.2’ 4-triNO; DPA 0.02 
2,4,4'-trui NO; DPA 0.01 


TetraNO;- DPA 
PentaNO;- DPA 
HexaNO.-DPA 
Picric acid 

Wt DPA equiv to sum of cpds 


*Results are expressed in milligrams of each compound isolated from one gram of powder. 


7.55 634 479 408. 


TWhere no value is given the quantity is less than 0.01 mg. 
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FIGURE 10. Possible relations among diphenvlamine derivatives. 
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ence 120. The procedure for evalnating the rate con- 
stants mvolved the assumption of a set of constants, 
the calculation of the resulting expressions for the 
concentrations of the various diphenylamine deriva- 
tives, à coniparison of the corresponding curves with 
the experimental data, and the estimation of the 
corrections necessary to improve the agreement be- 
tween the theoretical curves and the experimental 
points. This procedure was repeated until satisfactory 
agreement was obtained. A comparison of the theoret- 
ical curves thns obtained and the experimental points 
is presented in Figures 11 and 12. From the results 
of this treatment it was possible to obtain information 
relatmg to the relative reactivities in the powder of 
the substances responsible for the mtrosation and 
ПТО of the stabilizer. 

In addition to these studies on JP. 204, a series of 
studies was made on powders in which various de- 
rivatives of diphenvilamine had been incorporated as 
stabilizers. hese powders were stored at 71 C, and 
chromatographic-spectrophotometric analysis were 
made to determine the apparent unimolecular rate 
constant for the- disappearance of the stabilizer. By 
comparison of these rate constants with those obtained 
from the corresponding compounds m JP 204 it was 
possible to make an estimate of the relative concentra- 
tion of nitrating. agent Involved in reactions with 
these various stabilizers. 

These investigations have tremendously mereased 
onr knowledge of the fate of the stabilizer in а bal- 
hstite or similar. powder. However, even these ex- 
tensive analytical data do not necessarily provide a 
decisive answer to questions concerning the absolute 
stability of a powder or the relative merits of dif- 
ferent stabilizing componnds. Iu most cases there 15 
no way of interpreting them im terms of the impor- 
taut changes which take place im the explosive con- 
stituents of the powder. Nevertheless, 11 powders of 
comparable composition containing nntiallv the same 
concentration of a given stabilizer, a comparison of 
the rates of consecutive. transformation of the sta- 
bilizer may yield valuable information. The presence 
of an undesirable constituent which promoted the de- 
composition of the nitric esters might be indicated 
bv the more rapid rate of transformation of the sta- 
bilizer in one powder than m another containing the 
same Initial percentage of the same stabilizer. 

Rather extensive discussions of the problems 
volved in the determination and comparison of 
stabilities of powders are given in two formal 
merits. NÉE 


i 
the 


ге- 


0122 Studies of Stabilizer Depletion in 


Heated Powders 

the deple- 
accelerated 
aging at elevated temperatures, were made with the 
chromatographic - spectrophotometne tech- 


Many experimental studies involving 
tion of the stabilizer in powders during 


use of 
niques. 

In one of these series of experiments, samples of 
ballistite JP 204 were stored at various temperatures 
(50, 90, 100. and 110 €), and samples were removed 
after various times for chromatographic-spectropho- 
tometric determinations of the content of stabilizer 
and several of its immediate transformation products. 
These data were obtamed m order to supplement the 
experimental results of the investigations deseribed 
in the preceding section. A similar series of experi- 
mental studies were made on an FNH powder, Rad- 
ford Pilot Lot No. 141. which had been stored at 
90 and 100 C. Simple mathematical treatments, sim- 
ilar to those discussed above have been carried out for 
these initial reactions In the transformation of di- 
phenvlamine.!*? The postulates on which this mathe- 
matical treatment was based are (1) that the reaction 
by which. diphenylamine is consumed when smoke- 
less powder 1х heated 15 first order with respect to 
diphenvlamine. and (2) that the diphenylamine is 
consumed bv a nitrating-nitrosating agent, the exact 
nature of which is unknown but whose concentration 
varies linearly with the time of heating, according to 
the equation G = a + bt, where a and b are constants 
and / is the time of heating. Although this treatment 
could be considered to have only approximate validity, 
it was possible to choose the constants m the result- 
ing equations so that the agreement between calcu- 
lated values aud the experimental points was satis- 
factory. The results of this treatment suggested that 
the reaction by which diphenylamime 1х consumed 1n 
ballistite JP 204 differs only in rate from that 1n 
FNH powder RPL 141. From the results of tests 
on a series of powders containing varying percentages 
of diphenylannne it seems likely that diphenylamine 
is capable of direct reaction with one or more of the 
constituents of smokcless powder, at least Ше range 
of temperature at which the tests were carried out. 

А simplified mathematical analysis"? 
plied to the initial reactions of a typical centralite- 
stabilized powder, Radford Pilot Lot No. 142, which 
had been heated for various lengths of time at 65, 
75, and 110 C. The assumptions on which this treat- 
ment was based are that the reactions by which 4- 


Was also ap- 
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WEIGHT OF EACH OERIVATIVE EXPRESSED IN EQUIVALENTS 
OF DIPHENYLAMINE MILLIGRAMS PER GRAM OF POWDER 
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FIGURE 11. Transformation of diphenylamine in grains of ballistite JP 204 stored at 71 C. Comparison of theroretical 
curves with experimental data. 
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FicunE 12. Transformation of diphenylamine in grains of ballistite JP 204 stored at 71 C. Comparison of theoretical 
curves with experimental data. R denotes red samples; the other samples were yellow. 


STABILITY OF PROPELLANTS 


139 





nitrocentralite and  N-nitroso-N-ethylaniline are 
formed from centralite, are first order with respect 
to centralite and that the depletion of 4-nitrocen- 
tralite is first order with respect to its concentration. 
It was possible to choose the constants 1n the result- 
ing equations to give theoretical curves which gave 
satisfactory agreement with the experimental. points 
as determined by chromatographic-spectrophotometric 
analvses of the samples. The results also indicated 
that at lower temperatures a smaller fraction of the 
centralite was converted to +-nitrocentralite than at 
higher temperatures. 


6.12.3 The Vacuum Stability Test 


The vacuum stability test for explosives, which was 
devised by Farmer, ^^'^" depends upon the fact that 
тапу explosives (particularly those which are nitric 
esters) slowly decompose, evolving gases, when they 
are heated in evacuated containers at elevated tem- 
peratures. The extenston of this test to investigations 
of smokeless powders was carried out with the use 
of apparatus patterned after that of Мес." 

The experimental procedures and the results of 
these tests have been presented in several formal 
one meporis.*°: 85-194 

In the vacuum stability test the powder sample (0.1 
to 0.5 о) 1s heated in the sample tube of the apparatus 
shown in Figure 13, and the volumes (at STP) of 
the gas evolved after various times of heating are 
calculated from readings of the pressure which are 
made on the attached capillary manometer; the latter 
ix maintained at room temperature. Most of the tests 
were made at 110 С; additional tests were also run 
at temperatures ranging from 80 to 120 C im order 
to provide a basis for extrapolation of the results 
to lower temperatures. 

The results of the vacuum stability tests indicated 
that lower average rates of gas evolution аге shown 
by the following powders. 

1. Powders containing carbazole, 
ethyl centralite, or nitro derivatives of diphenylamine, 
as compared with those containing diphenvlamine. 

2. Powders containing lower percentages of ethyl 
centralite or diphenylamine, as compared with those 
containing a higher percentage of either of these 


В - nerolin, 


compounds. 

3. Powders containing ethylphenyluvethane or di- 
phenylurethane, as compared with those containing 
comparable percentages of acardite. 

4. Powders containing nigrosine, as compared with 
those containing carbon black or no darkening agent. 


2. Double-base powders containing dinitrotoluene, 
ax compared with those containing approximately the 
same percentage of trinitrotoluene. 

б. Powders containing a higher ratio of nitrocel- 
lulose to nitroglycerin, as compared with those having 
a lower ratio. 

7. Powders contaming diethyleneglycol dinitrate 
in place of a comparable percentage of nitroglycerin. 
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FIGURE 13. Standard-taper units for vacuum stability 
tests. 
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9. Powders containing a large percentage of potas- 
sium perchlorate (EJ powders), as compared with 
standard double-base powders. | 

9. Double-base powders containing RDX, Fivonite 
or DINA, as compared with those containing cor— 
responding percentages of nitroglycerin, 

10. Pyro or FNH single-base powders, as compared 
with standard donble-base powders. 

11. Standard double-base powders, as compared 
with those containing manganese dioxide. 

12. Powders containing potassium sulfate or no 
salt, as compared with those containing potassium 
nitrate. (This difference is especially great.) 

15. Powders containing no salt, as compared with 
those containing potassium sulfate or sodium chloride. 
(‘These differences are small.) 
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14. Powders contaiming alkaline earth nitrates as 
compared with those containing alkali nitrates. 

The rate of gas evolution appears to be unaffected 
by the addition of small percentages (0.1%) of lead 
stearate or candelilla wax. 

The addition of small quantities of inorganic salts 
to donble-base powder was found to increase its rate 
of gas evolution: potassium nitrate promoted gas evo- 
lution more strongly than almost any other salt ex- 
amined : potassium sulfate ordinarily had little or no 
effect. The magnitude of the effect depended to a 
considerable extent on the nature of the particular salt 
added, 1.e.. different salts having the same anion or ca- 
tion. the same valence type, etc.. often produced widely 
different effects. T'he data obtained from powders con- 
taining various concentrations of morganic salts sug- 
gested the hypothesis that the magnitude of the effect 
also depends on what may be called the active concen- 
tration, or solubility, of the salt in the powder, а 
quantity which 18 approximately equal to or less than 
the gross concentration. It also seemed probable that 
potassium nitrate, and perhaps other salts as well, 
enter catalytically into the gas evolution reactions. 

Diphenylamine exerted a powerful inhibitory 
effect on gas evolution 1n the vacuum stability test as 
long as it was present in the powder, but the disappear- 
ance of this compound was accompanied by a norma} 
or shghtly higher rate of gas evolution. 

А study of the property of ureas substituted with 
various combinations of ethyl and phenyl groups 
showed that the N,N’-diphenyl configuration may be 
associated with the greatest inhibitory effect on gas 
evolution in the vacuum stability test at 110 C. 

The gases evolved from double-base powder during 
the vacuum stability test were analyzed ; they consisted 
chiefly of carbon dioxide, nitric oxide, carbon monox- 
ide, nitrogen, and nitrous oxide.'?? The composition 
of the gases varied considerably with both the tempera- 
ture and the duration of the test. 

The presence of water, acid, and nitroglycerm was 
demonstrated in the produets which collected 1n the 
cooler portions of the vacuum stability units. 

Special attention was given to a critical evaluation 
of the results of the vacuum stability as compared with 
other standard and special tests.'*? The vacuum stabil- 
ity test, in common with several standard tests which 
are used to evaluate the stability of smokeless powder, 
possesses the disadvantage that it is carried out at 
temperatures which are considerably above normal 
storage conditions and the special disadvantage that 
there is a marked tendency for the products of decom- 


position of the powder to distil into cooler portions of 
the unit and thus be removed from further interaction 
with the sample. 


6.12.4 


The Taliani-Type Test 


In the Taliani test the powder sample is heated at 
constant volume 1n an initial atmosphere of air at 
atmospheric pressure, and the pressure which develops 
during the test 1s recorded as a function of the time 
of heating. A highly modified form of the Taliani ap- 
paratus was developed at the California Institute of 
Technology. The apparatus, experimental procedure, 
and some of the results obtained have been de- 
seribed.°° Preliminary results indicate that this form 
of the Taliani test is suitable for routine testing of 
smokeless powder and that 11 may possess considerable 
advantage over the vacuum stability test 1n the evalu- 
ation of the relative stability of powders. 


6.12.5 Measurements of pH 


It has long been known that under ordinary storage 
conditions smokeless powders undergo gradual changes 
In composition and properties, often leading eventually 
to deterioration beyond the range of safe or effective 
use. It has also been known that these changes are 
accompanied by the development of acidity m the 
powders. A technique for the detection and measure- 
ment of this acidity would therefore be expected to 
be valuable in fnrnishing information relating to the 
stability of smokeless powders. Many such techniques 
have been proposed and applied. In general they have 
either made use of chemical indicators ?*:19?*!95 or have 
involved the potentiometric estimation of hydrogen- 
lon concentration in a solution prepared from the 
powder sample.'9?°? 

The method developed at the California Institute of 
Technology for studying the acidity of powders is 
based on the potentiometric method.??? The pH of a 
suspension obtained when a given amount of water is 
added to an acetone solution of a powder sample is 
determined with a Beckman (Model G) pH meter. 
The method 1s more fundamental than many proposed 
earlier because the powder 1s completely dispersed dur- 
ing the course of the procedure. It is more flexible 
in 1ts application. because it prescribes no previous 
treatment for the powder sample. Furthermore, 1t 1s 
important to note that all operations relating to this 
lest are performed at room temperature; in this re- 
spect it differs from the usual stability tests carried 
out on single- and double-base powders. 
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Some of the results obtained from the measurements 
of pH are summarized in the followmg paragraphs. 

Captured German and Japanese propellants showed 
pH values which were considerably higher than those 
of standard U. S. powders. Most German propellants 
have values of about 8.0. Japanese propellants about 
6.5. and С. 5. propellants about 5.5 to 6.0. As a rule 
the foreign powders were found to contain siguificant 
amounts of alkaline earth elements!" [t is very 
likely that their high plI values were dne in large 
part to the presence of alkaline earth oxides or car- 
bonates. І 

Measurements of р П were made on a group of modi- 
fied ballistites'%® after varions periods of heating at 
65.5 and 71.0 C. All of the ballistites became increas- 
inglv acidic during storage at elevated temperature. 
Those which contained potassium nitrate showed lower 
pil values at all corresponding times of heating than 
did similar powders containing potassium sulfate. In 
those powders which contained potassium sulfate the 
substitution of diphenylamine for ethyl centralite 
seemed to increase the rate of decline of the pH value. 

An examination of the effects of powder composi- 
tion on pH value showed that most powders contaming 
potassium nitrate showed lower pH values than pow- 
ders of similar composition containing potassium sul- 
fate. The reason for tliis effect is not well understood. 

The stabilizers which were examined had no marked 
effect on pH. value. 

In connection with the studv of foreign propellants 
it was noted that those powders which contained nitro- 
elvcerin were always more acidic than similar ones 
containing diethylene glycol dinitrate. 

The nitrocellulose ingredient occasionally had а 
marked effect on the pH value of a powder, possibly 
because of some special treatment that the nitrocel- 
lulose had undergone. 

It thus appears quite likely that the source and 
purity of powder ingredients are often the controlling 
factors in determining the pH value of powders. For 
this reason a measurement of pH alone cannot be m- 
formative, and therefore the pH test mnst be coupled 
with other stability tests to be most useful. 


6.12.6 The Surveillance Test 


The surveillance test at 65.5 C is a standard test 
in use by the Army and Navy for the estimation of the 
stability of propellent powders. In this test a forty- 
five-gram sample of the powder in a glass-stoppered 
bottle of a standard design is placed in а room or oven 
ihat is maintained constantly at a temperature of 


65.5 С, and the sample is examined daily until ved 
fumes are observed in the bottle, or until à specified 
minimum time has elapsed. This time in days is 
reported as the 65.5 € surveillance life of the pro- 
pellant. 

If this test is to be used as a means for detecting 
small differences in the relative stabilities of samples 
of powder, it 15 essential that all specimens be 
subjected to conditions which are ах nearly identical 
as possible throughout the test. For this purpose a 
surveillance house was designed and constructed whieh 
provided for all samples storage conditions as nearly 
identical as practicable.7^* The house accommodates 
1.000 bottles which are attached to a single endless 
chain belt which travels slowly ou sprocket wheels over 
two concentric helical paths. The bottles are examined 
through a window located near the chain and can be 
introduced. or removed through small access ports. 

The great disadvantage of the surveillance test, par- 
ticularly m experimental studies, 15 the length of time, 
sometimes amounting to a year or more, that 1s usually 
required for the completion of the test. Consequently 
many results of tests on powders of various composi- 
tions tested at the California Institute of Technology 
are not vet available. From the tests already com- 
pleted.*S* however, the following conclusions were 
reached. 

Powders diphenylformamide showed 
short surveillance lives (34 to 62 days). Powder con- 
training no stabilizer at all showed an extremely short 
surveillance life (14 days), in agreement with gen- 
eral experience. 

Nitroglycerin powders containing ethyl centralite 


containing 


showed, in general, longer surveillance lives than anal- 
ogous powders containing diphenylamine. Moreover 
an increase in the amount of centralite in a powder was 
found to prolong its surveillance life. Powders con- 
taining potassium nitrate showed shorter surveillance 
lives than powders contaming potassium sulfate, and 
increases 1n the content of potassinm nitrate resulted 
in decreases in surveillance life. 


The Heat Test 


The results of heat tests?"*7"* on double-base pow- 
ders?" are in reasonably good agreement with the 
results obtained for the same powders in the vacuum 
stability test. The unusually long heat test times shown 
bv powders containing nitroguanidine and either Fi- 
vouite or DIN A may be due, in part, to the differences 
in composition of the gases evolved by these powders 
and by the more common double-base powders. 
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0128 The Nitrogen Dioxide Stability ‘Test 


Some preliminary experiments were made on a sta- 
bility test based on the reaction of nitrogen dioxide 
at room temperature with double-base powder. When 
a sample of powder was placed 1n a flask which con- 
tained a small concentration (about 25 mg per liter) 
of mtrogen dioxide, the concentration dropped rapidly 
to a very low value (0.1 mg per liter) and subsequently 
rose, at first slowly and then rapidly. Measurements" 
of the concentration were continued at regular time 
intervals until a high value was reached (10 mg per 
liter or more). 

Although àn examination of the preliminary data 
which were obtained suggested that the behavior of 
smokeless powder, when treated with nitrogen diox- 
ide, may be made the basis of a stability test, much 
more work must be done before definite conclusions 
can be drawn. If successful, this test would possess the 
advantage that 1t could be performed quickly and that 
the powder would be at normal storage temperatures 
throughout the test. 


0129 Rocket Safe Test for Shipboard Use 


At the request of the Navy Bureau of Ordnance, 
the development was undertaken of a means by which 
dangerous decomposition of a propellent charge 1n a 
rocket motor might be easily and quickly detected on 
shipboard or 1n the field. It was desired that the test 
be applicable to a rocket motor without destroying the 
usefulness of the round, that 1t be a test which un- 
trained personnel on shipboard could perform and in- 
terpret, that it be applicable to all rocket motors in 
service, and that 1t make use of no indicators that are 
unable to withstand the severe conditions under which 
à shipboard test would ordinarily be used. 

An unsuecessful attempt was made to develop а 
test based on measurements of the electrical conductiv- 
ity of powder samples. A test that made use of the 
tarnishing of steel disks when they are exposed to 
fumes evolved by decomposing powder was investi- 
gated, but work on it was abandoned because the use 
of this test for every round would require the installa- 
tion of an observation window 1n every rocket motor. 
Another test, which was partially investigated and 
which appeared to be promising, involved the with- 
drawal of a sample of gas from the rocket motor and 
the detection of gaseous decomposition products of the 

"The concentration measurements were made by means of a 


conductometric apparatus (Керегі) which was developed 
by NDRC, Division 9. 


powder by bubbling the sample of the gas through a 
suitable indicator solution. 

The test that was most extensively investigated de- 
pended upon the breaking of an electric circuit when 
corrosive fumes from powder undergoing decomposi- 
tion severed a fine copper wire. An insulated unit 
carrying the wire is mounted in a hole in the nozzle 
closure of the rocket motor. External leads are pro- 
vided for testing the circuit with a suitable indicating 
device. 

A rough calibration of this test device was made by 
exposing it to known concentrations of nitrogen di- 
oxide at different temperatures and different relative 
humidities. Preliminary experiments were made with 
stable and unstable powders, and several standard 
rocket rounds were fitted with the device for observa- 
tion during normal storage. 

When the investigation was terminated, much ex- 
perimental work remained to be done before the 
copper wire safe test device could be recommended 
for routine use.?°° 


0122 Estimation of Available Nitrite 


in Smokeless Powder 


Since the gases evolved by powders at elevated tem- 
peratures are known to contam various reduction 
products of nitrate, such as nitric oxide, nitrous ox- 
ide, and nitrogen, it might be expected that the 
heated powders themselves would contain nitrite ion 
or would yield nitrite ion when extracted with water. 
puch is indeed the case, and a procedure was worked 
out for the estimation of “available nitrite” in heated 
and unheated samples of double-base powder. Al- 
though 1t was not expected that the amount of avail- 
able nitrite detected would be strictly equivalent to 
the amount of nitrite 100 actually present in the pow- 
der, the available-iutrite content might perhaps give 
a relative measure of the extent of decomposition of 
the powder. 

The procedure for the available-mitrite determina- 
tion 18 based on a colorimetric method which is re- 
producible and 1х sensitive to about 0.3 part of nitrite 
per million parts of powder.?°9 

Preliminary results indicate. that the available- 
nitrite content of unheated, normal powder is not 
much greater than the limits of detectibility of the 
method, but that for heated samples of powder the 
nitrite content may be 1,000 times greater than for 
the unheated samples. 
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613 THE PHYSICAL PROPERTIES OF 


SMOKELESS POWDERS” 


In World War IT, interest in the mechanical prop- 
erties of smokeless powders has been greatly accen- 
tuated by the use of these propellants in rockets and 
similar devices. which has introduced quite new re- 
quirements as to strength and related characteristics. 
Knowledge regarding the effect of various factors 
upon these properties is even yet rather limited, since 
no complete and systematic investigation of this sub- 
ject has previously been made. Many useful investiga- 
tions were made in various laboratories of the effect 
of moisture content, of the effect of varymg the 
amount of rolling, ete., but studies of the effect of 
composition have generally not been of the sort which 
would be expected to yield very fundamental informa- 
tion. For obvious reasons, such studies have usually 
been concerned with powder series in which only 
such changes were made ав are compatible with a 
roughly constant potential. Unfortunately more than 
one factor has generally been varied at a time so that 
the results have been difficult of interpretation, and 
the general situation has not been clarified. 

Since it seemed desirable to obtain more funda- 
mental information regarding the effect of composi- 
tion upon the mechanical properties of smokeless 
propellants, measuring equipment was developed at 
the California Institute of Technology under OSRD 
Contract OEMsr-881, and a program of investigation 
was laid out along lines deseribed below. It seemed 
unprofitable for this laboratory to be concerned. with 
structural factors involving particular shapes of pro- 
pellent charges and their relation to the container or 


rocket motor. Studies of this sort were made 1n other 


laboratories, and it is understood that satisfactory 
progress was made in this direction. The object was 
rather to investigate those intrinsic properties of the 
propellant of which a knowledge might be of use in 
any future design work. The properties chosen for 
immediate study were hardness, as measured by the 
methods developed by A. G. Ward and co-workers, 
and the so-called Young’s modulus, or more exactly, 
the compression under a fixed load and subsequent 
recovery as a function of time. 

A single apparatus was constructed which per- 
mitted the measurement of either hardness or Young's 
modulus merely by exchanging “anvils” and adjust- 
ment of the loading mechanism. The apparatus was 


“This section is taken from a summary prepared by Richard 
M. Badger. 


designed to make measurements upon lA-in. or 3$-1n. 
rod for the following reason. A systematic investiga- 
tion may be presumed to require the study of a large 
number of special compositions which would be diffi- 
cult to procure in large quantity. Measurements were 
consequently made upon materials extruded by the 
small press which is designed to deal with small ex- 
perimental batches prepared at the California In- 
stitute of Technology (see Section 6.10). 

Tt was the mtention to study, so far as is possible, 
the effect of varying separately the various factors of 
composition which may be expected to affect the phys- 
ical properties of a propellant. These factors were 
varied within sufficiently wide limits so that the 
resulting effects were well outside the limit of experi- 
mental error. The majority of powders of any given 
series Were presumably impractical from the point 
of view of ballistics, but it was anticipated that by 
this procedure the situation would be more rapidly 
clarified than would be the case if one had attempted 
to keep within the range of practical compositions. 

The phase of the investigation chosen for first study 
was the effect of the character of the nitrocellulose 
upon the physieal properties of the propellant. In 
particular the following factors were studied: the 
effect of the source of the cellulose, whether wood 
pulp or cotton linters; the effect of varying the vis- 
cosity or average molecular weight of the nitrocel- 
lulose (the nitrogen content being kept constant) ; 
the effect of varying the nitrogen content of the nitro- 
cellulose (the viscosity bemg kept constant); the 
effect of blending materials of different nitrogen con- 
tents and viscosities. ‘This last phase was essentially 
a study of the effect of the heterogeneity of the nitro- 
cellulose upon the properties of the propellant. The 
following blends were selected for investigation: a 
blend of high and low viscosity components having 
the same nitrogen content; a blend of high and low 
nitrogen components having the same viscosity: a 
blend of high nitrogen, high viscosity material with 
a second component of low mtrogen content and high 
viscosity; a blend of high nitrogen, high viscosity 
material with a second component of low viscosity 
and low nitrogen content. These blends were com- 
pared with homogeneous material having the average 
viscosity and nitrogen content of the blend. Blends of 
high nitrogen, low viscosity nitrocellulose with mate- 
rial of low nitrogen content and high viscosity would 
have been added to this list if suitable nitrocelluloses 
could have been obtained. 

Several series of experimental powders embodying 
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the variations mentioned above were prepared for 
studv. These were all made according to the JPH 
formulation given below and differed only in respect 
to the nitrocellulose constituent. 


Formulation of Experunental Powders 


Nitrocellulose 54.5 
Nitroglycerm 43.0 
Ethyl centralite 1.00 
Potassium sulfate 1.50 
Carbon black (added) 0.20 


Considerable time was devoted to establishing the 
conditions under which measurements were to be 
made and to deternuning a suitable routine of meas- 
urement. Any conditions of measurement chosen had 
to be somewhat arbitrary, but 1t was desirable, both 
that еу be practical of attainment, and that they 
have some relation to the conditions under which 
propellants are normally conditioned and employed 
in practice. It was tentatively decided to make routine 
measurements at 25 C (TT Е), and at 45 C (113 Е) on 
powder samples which were adequately conditioned at 
50 per cent relative humidity at 25 C. Powder sam- 
ples to be measured at the higher temperature were 
brought to temperature under conditions such that 
loss of volatiles was presumed to be neghgible. A 
provisional routine of measurements was worked out 
which appeared to be suitable for the materials under 
investigation. 

These investigations provided many interesting re- 
sults, but any conclusions arrived at are tentative. 
With one possible exception, the measurements of 
hardness and Young's modulus were found to run 
parallel. Because of lack of time for study of the 
data, no precise correlation was made. The most strik- 
ing observation made is the extreme sensitivity of 
the mechanical properties of the propellant to the 
nitrogen content of the nitrocellulose. This sensitivity 
is so great that it may well contribute to the lack of 
perfect reproducibility of measurements from sample 
to sample. The effect of varying the viscosity of the 
nitrocellulose coustituent was not very striking ex- 
cept in the range of very low viscosities. The effect 
of blending nitrocelluloses of different characteristics 
is not as vet entirely clear. In general the powders 
made from blended materials appeared to be some- 
what harder at 25 С than those made from more 
homogeneous constituents, but they tended to have 
larger temperature cocflicients of their physical proper- 
ties. The effect of wood pulp versus cotton linter nitro- 
cellulose was not definitely established at ordinary 


temperatures, but the wood-pulp material resembled 
a blend in respect to the temperature coefficient. 
The investigations here briefly described are being 
continued at the California Institute of Technology 
under Contract NOrd-9652 with the Bureau of Ord- 
nance of the Navy Department, and full reports will 
be given of the results obtained when various stages 
of the investigation are completed. It is expected that 
later studies will include the effect of the ratio of 
nitroglycerin to nitrocellulose, the effect of DEGN 
versus nitroglycerin, and the effect of plasticizers in 
relation to the nitrogen content of the nitrocellulose. 


6.14 EXAMINATION OF FOREIGN 


PROPELLANTS: 


From time to time the group working on Contract 
Olu Msr-881 at the California Institute of Technology 
Was requested to analyze samples of explosive mate- 
vial taken from captured rounds of German and 
Japanese ammunition. Most of these samples were 
propellent powders taken from rocket motors; a few, 
however, consisted of high-explosive materials taken 
from the warheads of shells and rockets, while other 
samples consisted of propellent powders for guns. 
The very unusual compositions of the rocket propel- 
lants and their excellent physical properties and burn- 
mg characteristics provided opportunities for inves- 
tigating the relationships between the composition 
and the properties of double-base powders and sug- 
gested possible methods of formulating rocket pro- 
pellants superior in physical and burning properties 
to those now commonly used in U. 5. rockets. 

lhe foreign rocket and gun propellants were ana- 
lyzed qualitatively and quantitatively for their major 
constituents, the nitrocellulose blends were examined, 
and the inorganic constituents were estimated. Sev- 
eral rocket propellants were exanuned with the micro- 
scope to obtain information concerning the methods 
of manufacture and were subjected to vacuum sta- 
bility tests and measurements of pH. Their linear 
burning rates were measured at various temperatures 
and pressures and were compared with those of rep- 
resentative U. ®. rocket propellants. The composi- 
tions of some of the propellants were used as starting 
points for the formulation and preparation of experi- 
mental powders in small batches of rolled sheet and 
dry-extruded grain: these experimental powders were 

“This section is taken from a report submitted by David 
P. Shoemaker. 
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also subjected to tests in order to determine the extent 
to which the excellent physical and burning properties 
of the German and Japanese propellauts were repro- 
duced 1n these powders. 

The results of these investigations have been de- 
seribed їп OSRD reports. 97211 The principal fea- 
tures of the work, chiefly with regard to the foreign 
rocket propellants. are discussed below. 


6.14.1 Analysis of the Propellants 


lach: of the rocket propellants to be analyzed was 
finely divided and extracted with ether or with inetliyl- 
ene chloride. The extract was analzed by chromato- 
graphic-spectrophotometric procedures (see Section 
6.11). The residue from the extraction consisted prin- 
cipally of nitrocellulose but usually contained also 
organic substances and graphite or carbon black. 
The nitrocellulose was fractionated with 2/1 ether- 
alcohol or with methanol. and the fractions were 
analyzed for nitrogen by means of the nitrometer or 
by the Devarda procedure. The residue from the ether 
extraction was further extracted with water, and the 
resulting aqueous solution was analyzed for Inorganic 
anions by polarographic procedures. Graphite and 
carbon black were estimated in the usual way, and 
metallic elements were estimated by a spectrographic 
procedure with the use of lithium as an internal 
standard; the identification of several of these in- 
organic constituents was aided by N-ray diffraction 
studies. The methods used in the examination of the 
nitrocellulose and in the identification and estimation 
of inorganic constituents have been described in Sec- 
mon 6.11. 

The gun propellants were analyzed by procedures 
simular to those mentioned above. Previously estab- 
lished procedures were used in the determinations of 
such constituents as vaseline and nitroguanidine. 

Measurements of рН were made on many of these 
powders in 1/1 acetone-water dispersions, and several 
of the rocket propellants were tested in the vacuum 
stability test at 110 C. The procedures for the vacuum 
stability tests and measurements of pH are described 
in Section 6.12. 

All the foreign rocket propellants examined were 
double-base powders, apparently prepared by solvent- 
less processes. Microscopic examination of the grains 
of typical German and Japanese propellants indi- 
cated that the grains were dry-extruded from carpet 
rolls of sheet powder. Use of the polarizing micro- 
scope indicated the presence of both positively and 
negatively birefringent fibers, an observation which 


constitutes evidence that the grains contained a blend 
of at least two mitrocelluloses differing in nitrogen 
content. 

Six German and five Japanese rocket propellants 
were exanuned. 


German Rocket Propellants 


28-ет rocket-assisted shell 
ATO unit 
1,000-kg jet-accelerated bomb 


21-em rocket 
15-em high explosive rocket 
15-em incendiary rocket 


Japanese Rocket Propellants 


20-сп army rocket 
Surcide bomb (ВАКА) 


20-em naval rocket 
45-ет (17.5-1n.) rocket (gray grains) 
45-em (17.5-in.) rocket (brown grains) 

In addition, gun propellants were examined for 
the German APC 50 mm shell, APC 88 mm shell, 
and APHV 50 mm shell; and the Japanese АТ 37 
mm shell. 

The first five of the German propellants are closely 
related in composition and are markedly different 
from U.S. ballistites. They contain 30 to 35 per cent 
of DEGN as an explosive plasticizer in place of nitro- 
glycerin, which i$ present in amounts of 40 to 43 per 
ceut m U. S. ballistites. The German powders con- 
tam as stabilizers ethylphenylurethane, diphenylure- 
thane, and acardite and contain graphite or carbon 
black as a darkening agent. The nitrocellulose in each 
18 apparently а blend, one componeut of which 1s а 
high-nitrogen (about 13.0%) nitrocellulose having 
a moderate viscosity and the other a low-mtrogen 
(about 11.6%) nitrocellulose having a very low 
(“lacquer”) viscosity. These powders show very high 
pul values in comparison to U. S. powders, and they 
contain significant amounts of magnesium or calcinm ; 
it appears likely that the alkaline earth metals are 
present as oxides or carbonates. The propellant from 
the АТО unit contains about one per cent of titanium 
dioxide (rutile). 

Lhe 1,000-ke bomb propellant differs considerably 
from the other German rocket propellants in com- 
position; 16 contains nitroglycerin instead of DEGN, 
contains barium sulfate but only traces of magnesium 
or calcium, and has a рИ value which IS considerably 
lower than the values shown by the others but is 
higher than those of U. 5. ballistites. 

The Japanese rocket propellants are very different 
from the German powders in composition. They, too, 
contain blends of nitrocelluloses, but the nitrogen 
contents of the low-nitrogen components are much 
lower than in the German propellants. The Japanese 
propellants contain from 27 to 51 per cent of nitro- 
glycerin and 3 to 5 per cent of ethyl centralite. In 
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addition, each propellant contains one additional com- 
pound as plasticizer or stabilizer: the 20-cm naval 
rocket propellant and the gray grains from the 45-em 
rocket contain about 3 per cent of N-(o-tolyl)ure- 
thane, the БАКА propellant and the brown grains 
from the 45-cm rocket contain about 6.5 per cent of 
a-nitrophthalene, and the 20-em army rocket pro- 
pellant contains about 4 per cent of N,N-diphenyl- 
formamide. All the Japanese propellants except the 
brown ВАКА propellant and the brown grains from 
the +5-cm rocket were gray in color and contain 
graphite or carbon black. All the propellants contain 
significant amounts of calcium, sodium, and silicious 
material; moreover, the BAIXA propellant contains 
9 to + per cent of potassium sulfate. The pH values 
of these propellants are intermediate between those 
of the German propellants and those of American 
ballistites. 

Curiously enough. the motors of the Japanese 45- 
cm rockets contained a random selection of gray and 
brown grains of the compositions described above. 
Consequently, traces of  a-nitronaphthalene were 
found in the gray propellant. The brown grains ex- 
hibit an interesting color difference which is discussed 
in connection with the burning rate studies. 

The German gun propellants, like the rocket pro- 
pellants, contain DEGN but 1n smaller amounts. One 
of them, the APC 88 mm shell propellant, contains 
in addition 32 per cent of nitroguanidine, 4 per cent 
of diphenylurethane, and 4 per cent of ethylphenylure- 
thane. The APC 50 mm shell propellant contains 
nearly 8 per cent of ethyl centralite and more than 
] per cent of vaseline. The propellant from the 
Japanese AT 57 mm shell resembles the Japanese 
20-cm army rocket propellant but contains a higher 
percentage of nitroglycerin, lower percentages of 
ethyl centralite and N,N-diphenylformamide, and a 
higher percentage of nitrogen in the nitrocellulose. 

Тһе sample of Japanese АТ 37 mm shell propel- 
lant consisted of only four grams of material, and 
the entire analysis, including the identification of a 
previously unknown stabilizer as №, N-diphenylforma- 
mide, was carried out with that small amount of 
material. It was largely due to the successful devel- 
opment of chromatographic techniques for powder 
analysis that the identification of the unknown com- 
pound and the estimation of the stabilizers were pos- 
sible. 

In the vacuum stability test at 110 C, the German 
propellants evolved gas at rates that were much lower 
than the rate of gas evolution of ballistite JPN, but 


the Japanese 20-cm naval rocket propellant evolved 
gas much more rapidly than JPN. It is not possible 
to interpret these results unequivocally, largely be- 
cause of the considerable differences in composition. 


6.14.2 Investigations of Linear 


Burning Rates 
APPARATUS AND PROCEDURE 


An apparatus similar in many respects to that of 
Crawford??? was used for making measurements of 
linear burning rate on foreign propellants and various 
experimental powders. Its construction and the pro- 
cedure for its use have been described in detail. 
Since this apparatus has been very useful in obtaining 
burning rate data at high pressures with the use of 
small amounts of powder, it may be worth while to 
deseribe it briefly here. 

The burning rate bomb, a pressure vessel of stain- 
less steel, is equipped with a closure plug incorporat- 
ing an unsupported-area seal. The use of this seal 
obviates the need of a wrench for opening or closing 
the bomb. The powder support, which is mounted on 
the inner surface of the closure plug, carries a powder 
clamp and five pairs of binding posts. The uppermost 
pair of posts carry the ignition. wire; the other four 
pairs are terminals for four fusible wires. Electric 
connections to external circuits are made through in- 
sulators m the closure plug. The bomb is connected to 
à source of nitrogen at high pressure and also to a 
tank which is used as a reservoir to merease the vol- 
ume of the system and render the conditions more 
nearly isobaric. The bomb is situated in a water bath 
for temperature control. An electronic timing circuit, 
incorporating three clocks graduated to 0.01 second, 
is used to determine the relative times at which the 
four fuse wires are burned out by the ignited powder 
strand. 

The powder is tested in the form of 955-1n. cylin- 
drical strands which are usually prepared from carpet- 
rolled sheet powder or from shavings of gram powder 
by extrusion through a ?5»-in. die in a one-inch ex- 
trusion press. The strands are cut into 18-cm lengths. 
To insure end-burning of the strands, each length is 
dipped twice in a 5% dispersion of polyvinyl alcohol 
in water; the strands are allowed to dry after each 
dipping. Four holes, spaced at 5-cm intervals, are 
drilled in each stand with a No. 78 drill, short lengths 
of %-ampere fuse wire are inserted through the holes, 
and the strand is given a third dipping and allowed 


to dry. 
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In preparation for each burning rate measurement, 
the strand is clamped to the powder support, the ends 
of the fuse wires are fastened to the binding posts, the 
closure plug is serewed in place, and nitrogen is ad- 
mtted to the desired pressure. After the system has 
come to thermal equilibrium, the strand 1s igmted at 
its upper end by electrically heating the ignition wire. 
When the flame burns out the first fuse wire the three 
electrie clocks are started simultaneously and auto- 
matically. As the flame burns out the second, third, 
and fourth fuse wires the first, second, and third 
clocks, respeetively, are automatically stopped. The 
three burning intervals are compared in order to 
detect any irregularities in. burning, and their sum 
ıs used in the calculation of the linear burning rate. 

Burning rate measurements are made at pressures 
ranging from 400 to 1,900 psi and at temperatures 
ranging from 0 to 50 С. Usually the burning rate 
data obtamed at each of two or three different tem- 
peratures are plotted against pressure, and a smooth 
eurve is drawn to represent the variation of burning 
rate with pressure at each temperature. From curves 
obtamed in this way several quantities шау be de- 
rived which are of considerable interest with regard 
to the suitability of the powder as a rocket propellant. 
These quantities are the pressure index (the quau- 
tity n in the equation r= p", where r is the linear 
burning rate at a given temperature and p is the 
pressure), the temperature coefficient of linear burn- 
ing rate at a given temperature and pressure, and 
the temperature coefficient of steady-state pressure 1n 
a hypothetical rocket motor at a given temperature, 
caleulated for each of several representative pressures. 
RESULTS | 

The results of measurements of burning rate on 
the propellant from the German 21-cm rocket are 
plotted in Figure 14. This propellant is unusual for 
its comparatively low burning rate (less than half 
that of JPN), and for its small dependence of burn- 
ing rate on pressure and temperature. Although the 
burning rate of this German propellant is much less 
dependent on temperature and pressure than is that 
of U. S. ballistite, the German 1,000-kg bomb pro- 
pellant gave even higher values of the pressure index 
and the temperature coefficient of steady-state pres- 
sure than were given by ballistite. 

There is an inflection at about 550 psi in the burn- 
ing rate curve for the German 21-cm rocket propellant 
at 25 C, and a more pronounced one at about 650 psi 
in the curve for 50 С. Only a weak inflection 15 ob- 
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соке 14. The burning rate of the propellant taken 
from a German 21-em rocket. 


servable m the curve for 0 C. The presence of the 
Inflection in the burning rate curve probably indieates 
a difference. in the burning mechanisms below and 
above the pressure corresponding to the inflection. 
X much more pronounced inflection has been observed 
in Measurements of the burning rate of a sample of 
the propellant from the German 28-cm rocket-assisted 
shell. Although the phenomenon in both cases is cer- 
tainly real, it is by no means uniform ; other samples 
of both the 21-cm rocket propellant and the 28-em 
rocket-assisted shell propellant have failed to show 
these infleetions. 

By far the best of the foreign powders studied was 
the propellant from the Japanese 20-cm naval rocket. 
This propellant had a burning rate comparable to 
that of the German 21-cm rocket propellant, but had 
the smallest pressure and temperature coefficients of 
burning rate observed for any of the powders. 

Lhe brown propellant from the Japanese 45-em 
rocket also has a low burning rate and low pressure 
and temperature coeffieients. This propellant exhibits 
the following very curious phenomenon. When the 
propellent grain is seetioned, 1t 15 observed that the 
material within one centimeter of the periphery and 
also the material within the same distance of the 
central perforation are brown in color and are trans- 
lucent, while the remaining material is tan in color 
and is opaque. There appears to be no difference in 
composition between the tan and brown materials ; 
moreover the tan maternal is transformed into the 
brown material gradually on standing and more rap- 
idly when rolled at elevated temperatures. The burn- 
ing rates of both materials were measured; in order 
to obtain strands of the tan material for use in the 
burning rate studies, 16 was neeessary to extrude chips 
cut from the grain rather than earpet-rolled sheets 
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prepared from such chips by the usual procedure. 
At temperatures below 45 C the tan matenal burns 
more slowly than the brown, and the brown material 
has the lower values of the temperature coefficients 
of linear burning rate and of steady-state pressure. 

Attempts to duplicate this material yielded lemon- 
vellow, translucent grains that showed no tendency 
io exist in more than one modification. Hence the 
cause of the existence of both tan and brown matenal 
ix completely unknown. Moreover, since the difference 
in linear burning rate between the brown and tan 
portions of the propellent grain would be expected 
to result in markedly regressive burning of the grain, 
it is dificult to understand the advantage to be gamed 
by the manufacture of grains having this structure, 
if indeed the existence of this structure 18 not acci- 
dental. The phenomenon appears to be general: the 
differences in color were observed im grains taken 
from two different rockets of the same type. A some- 
what similar, though less pronounced, color difference 
was observed on examination of the propellant from 
the Japanese ВАКА bomb. 


6143 The Preparation of Experimental 


Powders 

Because of the excellent physical properties and 
burning characteristics of the foreign propellants, it 
was hoped that knowledge gained from studying these 
propellants could be applied successfully to the 
formulation of propellants superior to existing U. 5. 
rocket propellants in physical and burning properties. 
In order to snpplement the information gained from 
analytical studies and burning rate measurements 
and to determine ways 111 Winch American propellants 
with improved properties could be made, experimental 
powders were made up in five-gram batches of rolled 
sheet and in sixty-gram batches of sheet or of dry- 
extruded gram. Commercially available materials 
were used in the preparation of these powders which, 
for the most part, were formulated on compositions 
resembling those indicated by the analyses of the 
propellants from the German 21-с rocket, the Jap- 
anese 20-cm naval rocket, and the Japanese 45-cm 
rocket. 

The powders that were prepared. on compositions 
resembling that of the German 21-0. rocket propel- 
lant had excellent physical properties, equaling or 
even surpassing those of the German propellant. How- 
ever, they did not exhibit the low pressure and tem- 
perature dependence of burning rate shown by the 


German propellant. Likewise, attempts to duplicate 


the excellent burning properties of the Japanese pro- 
pellants were not successful. 1t las already been men- 
tioned that the powders prepared on a composition 
similar to that of the brown grams from the Japanese 
jo-cm rocket did not have the peculiar structure of 
that propellant. 

It is demonstrated by these results that the chemical 
analyses of the foreign propellants did not lead. to 
their complete characterization. The results of some 
experiments: described elsewhere indicate. that the 
constituents responsible for the excelleut burning prop- 
erties of the foreign propellants reside mamly in 
their ether-msoluble parts. These constituents may 
be the nitrocellulose blends, or their components, to 
Which desirable characteristics may have been im— 
parted by techniques unknown m this country. Cer- 
tainly the procedures now available for the examina- 
tion of the nitrocellulose m a powder do not provide 
a characterization. nearly complete enough to permit 
the duplication of the nitrocellulose 1n all of 1ts prop- 
erties. Hence, with the analytical techniques now at 
hand, the practical limit of usefulness of the kind of 
experiments described above has been approached, 
and it appears that fnrther information can be gained 
only by means of experiments along new lines. 

The capitulation of Germany and the consequent 
revelation of German technical secrets has afforded 
opportunities, much greater than those afforded by 
the capture of isolated enemy propellants, for the 
formulation of improved propellants for U. S. rock- 
ets. The techniques for the preparation and. testing 
of small batches of experimental double-base powder 
might be expected to find ready application in studies 
of rocket propellent compositions discovered by Alhed 
investigators m Germany as a result of thei inter- 
rogation of German technical personnel. Indeed, these 
techniques have been successfully applied to a study 
of the “Einheits Pulver? rocket propellent composi- 
ton,?? a standard composition intended for universal 
production im Germany during the last year or two 
of the war in. Europe. The experiments made on the 
пех composition were the most fruitful of any 
of the experiments made on foreign rocket. propellent 
compositions at the California. Institute of Tech- 
nology. 

The Kinheits composition resembles the composi- 
tion of the German 21-em rocket propellant in many 
respects, but it contains, in addition to the com- 
pounds positively identified in the analysıs of the 
21-cm rocket propellant, the following constituents: 
0.2% magnesium oxide, 0.6% potassnum nitrate, and 
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1.56. hydroeellulose. Moreover it contains Acardite 
Il (N.N-diphenvl-N'-methyvlurea) in place of Acar- 
dite L (аса о, N.N-diphenylurea). Experimental 
powders prepared at the California. Tustitute of Tech- 
nology on compositions resembling the Einlieits com- 
position equaled or surpassed in burning character- 
istics all the foreign propellants studied in that lab- 
oratory. The experiments indicated that the presence 
of hydrocellulose, potassium nitrate, and magnesium 
oxide together was the factor chiefly responsible for 
the extraordinarily low temperature and pressure de- 
pendence of burning rate of the Einheits-type. pow- 
ders. 

It does not follow, however, from consideration of 
the excellent burning characteristics of the. German 
21-cm rocket propellant that this propellant must 
contain hydrocellulose and potassium nitrate. 1t does 
not seem very likely that both these substances could 
have escaped detection 1f thev were present in the 
propellant. 

Some further experiments have indicated that the 
Inclusion of potassium nitrate. hwdrocellulose, and 
magnesium oxide in certam powders of low potential 
(such as modified German-type powders, Japanese- 
{уре powders, and H-4 powders) significantly lowers 
the dependence of burning rate on temperature and 
pressure. No beneficial effects have been obtained from 
experiments 1n. which these three materials were in- 
corporated in Ingh-potential ballistite such as JPH. 

Тһе expernnents described above give considerable 
promise of pomting the way toward the formulation 
of improved rocket-propellent compositions. If these 
experiments are continued and extended, an under- 
standing of the nature of the effects of hvdrocellulose, 
potassium nitrate, aud magnesium oxide may per- 
haps be gamed, with the possible result that other 
and better methods may be found for improving the 
burning characteristics of rocket-propellent powders. 


MISCELLANEOUS 


A variety of miscellaneous activities of Division 8 
having to do more or less directly with propellants 
can be mentioned briefly m this section. 

Two studies have been made of the thermochemical 
properties of propellants. The first?! presents data on 
both commercial and experimental compositions ; the 
second?! presents data on Albaniteand related powders, 
on Cordite N, and on a number of RDX propellants. 
Since if was found that in some compositions tho 


calculated values for the heat of explosion (obtained 
from the sumimation of the heat values of the indi- 
vidual ingredients) differed appreciably from the ob- 
served values, 10 was recommended that calorimetric 
measurements be made a part of any future research 
program on propellants. 

The partial burning of propellants and of nitro- 
cellulose has also been studied. An apparatus, con- 
sisting essentially of a high-pressure bomb fitted with 
а bursting diaphragm. was developed for this pur- 
pose. Photographs of grains partially burned im the 
bomb illustrate. flaws in propellants. The apparatus 
shonld be of use both in the study of experimental 
compositions and as a control of quality In the produc- 
tion of propellent grains. ES 

Work on the partial burning of nitrocellulose be- 
ean with the observations made at the Ballistic Re- 
search Laboratory, Aberdeen Proving Ground, that 
nitrocellulose when decomposed under reduced pres- 
sure ylelds a red substance (RS) and a white sub- 
stance (WS). Division 8 was asked to determine the 
composition of these products, which it was thought 
nught be of significance in an understanding of the 
mechanism of burning of nitrocellulose. 

The red substance is a liquid obtained when nitro- 
cellulose undergoes thermal decomposition at about 
100 mm pressure. The vield of RS amounts to 35 to 
40% of the weight of the nitrocellulose decomposed. 
RS has been analyzed for formaldehyde, glyoxal, formic 
acid, water. acetic acid, ethyl acetate, nitrous aeid, 
and nitric acid. These constituents account for 80 to 
90% by weight of the RS. Glyoxal, formaldehyde, 
formic acid, and water are considered to be the sign fi- 
cant decomposition products. The first two are pres- 
ent in approximately equimolar amounts: signifi- 
cantly smaller molar amounts of formaldehyde and 


significantly larger molar amounts of water are present. 


The white substance is an amorphous powdery solid, 
obtained. when nitrocellulose undergoes thermal de- 
composition at pressures below 10 nim. The vield of 
WP amounts to 65 to 70% of the weight of nitro- 
cellulose decomposed. WS is apparently a complex 
mixture. It gives а positive 10doform. test, positive 
aldehyde tests, and liberates iodine from potassium 
iodide. WS decomposes more or less rapidly in solu- 
tion; no soluble decomposition products have been 
isolated. but carbon monoxide, nitrous oxide, and 
nitrogen have been identified among the gaseous prod- 
ucts. On heating crude WS with hydrochlone acid, 
carbon dioxide, furfural, nitrous and nitric acids are 
Оа 
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Further work with crude WS showed that it could 
be purified by solution in methanol and precipitation 
with ether, followed by washing with water. The yield 
in this purification 1s 40%. The nature of the material 
lost in the purification 1s not known. The purified 
wlnite substance (PWS), on the basis of analytical 
data and chemical reactions, is a mixture of closely 
related substances of very sinular degrees of polymeri- 
with 








zation—average molecular weight about 1,500 
similar but not identical distributions of substitu- 
ФП 

Work on the decomposition of cellulose nitrate 
under reduced pressure was transferred from Division 
8 to the Ordnance Department on February 28, 1945. 

Although Division 8, other than through its con- 
tract at the California. Institute of Technology, did 
not devote much time to work with conventional 
double-base powders, some work on these powders was 
done at the Explosives Research Laboratory. 

At the request of Division 3, Section Н, а solvent- 
less cordite extrusion press was set up at the Rxplo— 
sives Research Laboratory of Division 8 at Bruceton, 
Pennsylvania. The press was used for the extrusion of 
propellent grains desired by the groups working on 
rockets, and a study was made of the factors affecting 
successful extrusion.??9??? Essentially, this press was 
a service unit for the groups working on rockets at а 
time when it was difficult to secure solventless cordite 
grains for use in rockets. After these grains became 
available elsewhere, the apparatus was used for press- 
ing experimental 8.5-in. diameter grains of composite 
propellant (Section 6.2). 

A study of methods of inhibiting the burning of 
double-base propellants by the use of restrictive coat- 
ings has shown that copper- or silver-plated coatings 
are unsatisfactory because they separate from the grain 
on temperature cycling. The use of cellulose coatings 
was more promising, but the work with this material 
was not taken beyond a preliminary stage.“ 

Because the separation of nitroglycerin from doubte- 
base powders represents a potential hazard, a survey 
of the literature on this subject was prepared and an 
experimental study of the problem was outlined and 
started. The termination. of the work of Division 8 


took place before this experimental program was com- 
pleted. The principal conclusion from the work was 
that there is httle danger of the separation of nitro- 
elycerin from modern double-base powders at low 
іетретаёоте.22%225 

A completely different problem was that of develop- 
ing a chemical igniter system for jet-propulsion de- 
vices employing fuming nitric acid-gasoline as fuel. 
Exanunation of a variety of materials led to the selec- 
tion of a turpentine solution containing 30% by vol- 
ume of du Pont SDO (a divinylacetylene polymer), 
inhibited with 1% of 2,6-di-f-butyl-+-methyl phenol, 
as the Initiator of choice. The operating procedure is 
to introduce the nitric acid and initiator into the motor, 
then to mtroduce the gasoline, and stop the flow of 
initiator, Operating and egnineering details are given 
in the original терогіз.225227 

Considerable synthetic organic chemical work was 
done at the Cahforma Institute of Technology where 
it was necessary to prepare small amounts of a num- 
ber of compounds im connection with the research pro- 
gram on propellants. The following new compounds 
were synthesized : 
N,N-Diphenyl-N’-ethylurea 
N,N’-Diethyl-N-phenylurea 
N-Phenyl-N,N',N'-trieth yl- 


4- Nitro-N-eth ylcarbanilide 
4-Nitro-N '-eth ylcarbanihde 
2,4,4"- Trinitrocentralite 


urea 4-Nitro-N-ethyl-N-phenyl- 
2-Nitro-N-ethylearbanilyl benzamide 

chloride 4-Amino-N-ethyl-N-phenyl- 
2-Nitrocentralite benzamide 


4-(N-Ethylamino)-N-ethyl-N- 
phenylbenzamide 


4- Nitro-N-ethylearbanilyl 
chloride 
The following compounds had been prepared pre- 
| > i : 
viously. Newer improved syntheses have been devised 
for them or new and interesting properties have been 
observed. 


4-( N-Ethylamino)-azobenzene 
N-Nitroso-4-nitrodiphenyla- 


N,N-Diphenylcarbanue 
anhydride 


N-Ethyl-N’-phenylurea mine 

N-Ethyl-N ,N’,N’- N-Nitrosodinitrodiphenyla- 
triphenylurea mine 

4- Nitrocentralite 2,2',4-Trinitrodiphenylamine 

Phthalide Tetraphenylhydrazine 


4-Nitrocatechol 
1,3-Dipheny1-3-ethyltriazene 


N-(0-Tolyl)-urethane 
Phosgene-tnethylamine 
complex 


Attempts to inhibit the 32-degree transition of am- 
monium nitrate were not successtu].??? 





Chapter 7 


TRACERS AND IGNITERS 


| ON TRACERS by Division 8 was begun ni 
June 1915 under Project NO-151 at the Explo- 
sives Research Laboratory [ERL]. Very little atten- 
tion was paid in this work to the possibility of using 
tracer. systems other than strontium  nitrate-mag- 
nexium, The emphasis in the work was on methods of 
incorporating and loading ths particular mixture 
and on attempts to determine the factors responsible 
for the behavior of tracers. 

Beeause of the extensive experience with thermo- 
plastic resinous binders in the preparation of molded 
composite propellants (see Section 6.2). particular 
attention was given to the use of these binders in mak- 
Ing up tracers. It was found that bv Incorporating 
these resinous binders in edge-runner mills. tracer 
compositions with good molding properties could. be 
obtamed. However. these compositions functioned 
poorly when they were loaded at pressures below 
50.000 psi. The conventional wax binders, it was also 
shown, could be incorporated im edge-runner mills, 
but adequate test data on the compositions prepared 
m this way are not available. 

As shown by experience elsewhere. a laver of wax 
between the tracer composition and the shell markedly 
improves tracer performance. Similarly, the incorpo- 
ration of organic fuels into the tracer mixture re- 
sulted in better performance. The number of blow- 
outs was reduced. the color of the tracer was inten- 
sified, and the burning time was Increased. 

One of the great needs in tracer research is the 
development of static tests which can be carried out 
in the laboratory and whose results can be correlated 
with tracer performance. A start in this direction was 
made at the Explosives Research Laboratory by the 
construction of a bomb which permitted static firing 
of tracers so that ignitabilitv, blowouts, and other 
phenomena could be studied. The results obtained with 
the bomb could not be correlated exactly with the те- 
sults of gun tests, but the results with the bomb 
proved very useful, 

During the course of the work on tracers at ERL a 
number of miscellaneous observations were made about 
tracer behavior. These observations, together with the 


?'This chapter 15 based on a summary prepared by S. К. 
Aspinall. 





speculations to which they led, and the experimental 
work described in the preceding paragraphs are re- 
ported in reference 1. 

A much more far-reaching and comprehensive pro- 
eram on tracers was Initiated under Projects NO-151 
and OD-159 at the Metal and Thermit Corporation 
in November 1943. As a preliminary to the experi- 
mental work a review of U. S., British; and Canadian 
work on tracers was prepared.” All the experimental 
work done by the Metal and Thernnt Corporation, to- 
gether with the conclusions drawn from that work have 
been given in detail m a report which should be ez- 
amined carefully by anyone interested in the subject. 
Because of the varied nature of the investigations and 
the number of anomalies and compheations which were 
encountered, it is feasible only to mention briefly a few 
of the items which were considered in the study and 
described in the report. 

A review is presented of all the factors which influ— 
ence the ignitabilitv of an igniter and of the static 
tests used to measure this property. Two types of tests 
to measure ignitability have been evaluated expen- 
mentally, but ıt has been concluded that neither one 
gave adequate correlation with performance m a gun. 
)urning characteristics and heats of reaction of igniter 
compositions have been determined, and consideration 
has been given to the relation of these and other fac- 
tors to the burning time of an igniter and its ability 
to trausfer burning to the tracer composition. 

Because of the poor storage characteristics of tracer 
ammunition under conditions of high temperature 
and humidity, attention was given to all the factors 


influencing the stability of igniters. Although there 


are many factors which influence the useful life of an 
igniter composition, all the experimental work of the 
contractor was devoted to the improvement of the 
chemical stability of the mixture itself. It was dem- 
onstrated in the laboratory that it should be possible 
to improve greatly the storage life of tracer ammuni— 
tion containing standard bright igniters by employing 
either, or preferably both, of the following modifica- 
tions. 

1. The corrosion resistance of the magnesium can 
be increased by treating the surface with a dichromate 
wash or with an organic dye. Even better stability is 
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obtained bv replacing magnesium with a surface 
treated magnezium-aluminunm alloy. 

2. The asphaltum binder, which actually accelerates 
the decomposition of the metal and peroxide, should 
be replaced with calcium resinate or some other binder 
which exerts a strong protective effect. 

There is less standardization and less experience 
with dark or dim igniters, but certam tentative con- 
clusions have been drawn which should lead to en- 
hanced stability of such igmters. 

For a variety of operational reasons, there have been 
established from tune to time a number of require- 
ments for tracer anununition having a dim igniter. 
А detailed study was made of compositions which 
function as dim igmiters, with primary emphasis on 
obtaining a mixture having a burning distance of +00 
vards in the Mark 11 40 nun tracer. On the basis of 
prelimimary gun trials, it was concluded that a mix- 
ture of inanganese-barium peroxide binder shows con- 
siderable promise as a dim igniter. 

A similar study of tracer compositions has been 
made, The question of tracer visibility is extremely 
complex, involving, among other things, psychological 
factors wlich are difficult to evaluate, but some in- 
formation has been obtained on this subject. Chemical 
instability of tracer compositions leads to serious tracer 
malfunction, but the problem is less severe than with 
igniter compositions because the tracer compositions 
are inherently more stable and are protected from 


moisture by the igniter composition. However, im- 
provements сап be made by modification of the metal 
and binder (for the same reasons as indicated for ig- 
niters), and the hvgroscopicity of specification grade 
strontium nitrate may be sharply reduced by a water 
wash. The effects of composition, physical state, load- 
ing techuique, and tracer cavity dimensions on con- 
solidation have been discussed, 

sv use of the explosives Research Laboratory bomb 
mentioned above, an extensive laboratory study was 
made of blowouts and prematures. These very com- 
plex phenomeua are not well understood in spite of 
the large amount of information obtained during 
this work and by previous investigators, 

An entirely different aspect of the work in this 
field was the development of methods for the identi- 
fication and analysis of primer compositions. These 
methods had to be rapid in their application and they 
had to be applicable to quite small amounts of mate- 
rial. Two procedures were developed. Polarographic 
analysis permitted the quantitative analysis of 100- 
mg samples of primer mixtures for antinionous sulfide, 
cuprous thiocyanate, lead azide, merenvic fulmimiate, 
and potassium chlorate." 

А qualitative analysis for 29 primer constituents 
was developed which was based ou the optical and crys- 
tallographic constants of the individual. compounds 
and 1n their behavior with selected chemical reagents. 
reference data and procedures are given 1n. the 
original report.” 





CLOSSARY* 


AcARDITE. Unsvimn. diphenylurea. 

AL. Ам. 

ALUMATOL. AN/TNT/AI. 

ATES. RDN/TNT/ÀI. 

AwATOL. AN/TNT. 

AN. Ammonium nitrate. 

ANHYDROENNEAHEPTITOL PENTANITRATE. 
CH35—C(CH30NO.)2 


| | 
O CHONO.: 





CH2—C(CH30NO)» 
ASC Bonus.  Antisubmarine shaped-charge bomb. 
ASCFT Boms.  Antisubmarine shaped-charge follow through 


bomb. 
ATO. Assisted take-off. 


BARONAL. Ba(NOs3)/TNT/A1-50/35/195. 
BEANO. A spherical hand grenade. 
[o NO: | NO» NO» 


| | | 
CH3COeC H2N—CH2N—C H2N—CH20COCHs3 
BurylINENA. CyHoN(NO2)CH2CH2ONO2 
Cast DOUBLE-BASE POWDER. 

Type O. Castings made from grains of double-base powder 
to which nitroglycerin and a non-volatile solvent have 
been added. 

Type I. Like type О, but containing rate control strands 
of solvent-extruded composite propellant. 

Type II. Like tvpe О, but containing uniformly distributed 
rate control grains. 

Composition A. А desensitized RDX having the usual com- 
position RDN /wax-91/9. 

Composition В. 60/40/1—RDN/TNT/wax. 

COMPOSITION С. The American name for PE-2. 

COMPOSITION C-2; COMPOSITION American PE’s con- 
sisting of RDX plasticized with nitrotoluenes and thick- 
ened with nitrocellulose. 

ConpiTE N. A flashless double-base propellant contaming 
about 55% of nitroguanidine. 


CYCLOHEXYINENA. СН N(NO)CH3CH3SO0NO:. 


ч у 
Э, е 


TE See RDX. 
Сбүсгото. A castable mixture of RDX and TNT, e.g., 


65/35 Cyclotol which is RDX/TNT-65/35. 
D-1. A desensitizer for high explosives. The composition ts 
paraffin /nitrocellulose /lecithin-84/14/2. 
D-2. А modification of D-1 in which a higher-melting paraf- 
fin 1s used. 
DDP. DINA/Dibutyl phthalate/centralite-85.5/10/1.5. 
DEGN. Dntethylene glycol dinitrate. 
Dextex. RDX/DNT/A1-48/34/18. 
DINA. bis(8-Nitroxyethyl)nitramine. 
DiPEHN.  Dipentaerythritol hexanitrate. 
DNP. 2,4-Dinitrophenol. 
CH2:—N——C Hvo 


| | | 
DPT. OIN СН. N NO: 


| | | 
CHe—N——CH» 

EDNA. See Наіеќе. 

EpNATOL. A mixture of Haleite and TNT. 


ERL. Explosives Research Laboratory, the central labora- 
tory of Division 8, located at Bruceton, Pa. 

lixPLosivE D. Ammonium picrate. 

Fivonire. ‘Tetramethyloleyclopentanone tetranitrate. 

FNH. Flashless nonhygroscopic. 

FuwE-orFF. The oxidative destruction of byproducts in nitra- 
tion reactions. 

H-4 Powper. A ballistite type rocket powder (58% nitrocel- 
lulose, 30% nitroglycerin, 2.5% dinitrotoluene, 8% ethyl 
centralite, and 1.5% potassium sulfate) which is cooler and 
slower burning than JPN or JPT. 

HanErrE. Kthylenedimtramine. 

HBX. Torpex containing 5% of D-2. 

H.E.A.T. High explosive anti-tank. 


IIEPTRYL. ХО» 
P NO 
90 7а 
O2 »—N——C(CH:0N03) 
a 
NOs 


HEXAMINE. Hexamethylenetetramine. 


HExawrTE. | Hexanitrodiphenylamine. 
PHipSOGEN See Dae 


НМА. Cyclotetramethylenetetranitramine, а high explosive 
obtamed by the nitrolysis of hexamine 1n the presence of 
acetic anhydride. 

HVAR. High-veloaty aircraft rocket. 

JP (also JPH, JPN, JPT, JP 204). This abbreviation, fol- 
lowed by another letter or by a number, e.g. JPH, JPN, 
JPT, JP 204, refers to ballistic type rocket powders. JPT, 
for example, has the composition: 59% nitrocellulose 
(13.25% nitrogen), 40% nitroglycerin, and 1% ethyl cen- 
tralite, to which are added 0.2% of diphenylamine and 
0.1% of nigrosine dye. 

MrtuxyINENO. CH3N(NO2)CHsCHL,ONOz. 

Михо. TNT/AN/AL. A typical composition is 40/40/20. 

MNO. CON(NO2:)CHs 

| 


CON (NO2)CHs3 
NENA. g-Nitroxyethylnitramine O2NOCH2CHaNIIN Os. 
МЕМО. CON(NO2)CH2eCH2ONO2 


| 
CON(NO2)CHeCH2ONO2 
NIP. Nitromdene polymer. 
OXYNITRATION. The direct conversion of benzene to dini- 
trophenol or репе acid. 


PA. Picrlc ACId. 
PE. Penetaerythritol C(CH201I)4. The same abbreviation 


is also used for plastic explosive. 

PE-I. A British plastic explosive of the composition RDX/ 
PE 01—88 /12. The PE oil (plastic explosive oil) consists 
of 10% of crepe rubber in a 2:1 vaseline/paraffin oil base. 

PE-2. A British plastic explosive of the composition 88/12- 
RDX/PE oil. The РЕ oil consists of vaseline/paraffin oil/ 
lecithin—110/55/10. 

PENTOLITE. А castable mixture of PETN and TNT. The 
most generally used composition 15 50/50. 

PENTONAL. PETN/TNT/AI 47/33/20. 


“This glossary includes only those terms and abbreviations which are not in the standard books on explosives and which 


are not defined in the text of the Summary Technical Report. 
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PEP-2. А plastic explosive of the composition PIZPN /Gulf 
Crown Oil E-85/13. 

PEP-3. Like PEP-2, but having the composition PETN/ 
Gulf Crown Oil E-86/14. 

PETN. Pentaerythritol tetranitrate. 

PicRATOL. А mixture of PA and TNT. 

PIPE. Ап insensitive plastic explosive of the composition 
PETN/Gulf Crown Oil E-81/19. 

PNL. See D-1. 

PRESSURE EXPONENT. The exponent n in the formula, № = 
bp", which describes the pressure dependence of the burn- 
ing rate of a propellant. 


РТХ-1. RDN/tetryl/TNT. A typical composition is 30/ 
50720. 
PTR-2. PETNYRDX/TNT. 25/44/28. 


RDX. Cyclotrimethylenetrinitramine, a high explosive ob- 
tained by the nitrolysis of hexamine. 

RDX(B). The mixture of RDX and HMX obtained by the 
combination process. 

RDX Poran PE. A plastic explosive for use at low tempera- 


GLOSSARY 


tures. The composition is КОХ /oil= SS/12. The oil is a 95/5 
mixture of Gulf 300 Process Oil and lecithin. 

RIPE. An msensitive plastic explosive of the composition 
RDX/Gulf Crown Oil E-85/15. 

RPL. Radford Pilot Lot, from Radford Ordnance Plant. 

SCHNEIDERITE.  Dinitronaphthalene (mixture) /А Х-87 /13. 

SIXOLITE. Tetramethyloleyclohexanol pentanitrate. 

SPECIFIC IMPULSE. The thrust in pound-seconds per pound 
of propellant delivered by a rocket propellant. 

TEMPERATURE COEFFICIENT OF PROPELLANTS. The change 
in the pressure, thrust, and burning time of a propellant 
with change 1n initial temperature. 

Татвутог. Tetryl/TNT. 

ENB.  1,3,5-Trinitrobenzene. 

TNEB. 2,4,6-Trinitro-1l-ethylbenzene. 

Товрех-2. RDAN/TNT/AI-42/40/18. 

TRIMONITE. 1-Nitronaphthalene/PA-12/Ss8. 


TritonaL. TNT/aluminum mixtures; e.g. 80/20 Tritonal 


is TNT/AI-80/20. 
UI. 


Underwater Explosive. À synonym for Tritonal. 
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HE FOLLOWING brief description of the system used 
bv Division 8 for reporting the results of its work 
should be of assistance to those users of this Sum- 
mary Technical Report who have occasion to go be- 
yond the summary to the original reports. 

Division 8 has issued two types of reports: Interim 
Reports and OSRD Reports. Interim Reports were 
issued approximately monthly. Their purpose was to 
make available as quickly as possible to interested 
and qualified persons in the United States and the 
British Empire the results of investigations under 
way in the Division. Every contractor was required 
to submit a monthly report on his work; all the re- 
ports in each field of work formed the monthly In- 
terim Report in that field. The mformation in the 


Interim Reports is tentative and subject to revision. 
The OSRD reports are also based on contractors’ re- 
ports; but each OSRD Report deals, almost without 
exception, with the work of a single contractor. Each 
contractor was required to submit a report on his 
work, either at six-month intervals or on completion 
of a unit of the assignment; the OSRD report is 
constructed from the contractor’s report. 

The list which follows gives the various series of 
Interim Reports issued by Division 8. The letters 
preceding each series form the abbreviation used in 
referring to the series in the Technical Summary. 
Thus, the reference SC-1, Aug. 15 to Sept. 15, 1943, 
refers to the first issue of the Division 8 Interim Re- 
ports on shaped charges. 





INTERIM REPORTS 


Cr Controlled Fraqmentation and Shaped Charges, Numbers 
1, Aug. 15 to Sept. 15, 1942, through 13, July 15 to 
Aug. 15, 1943. 

DFA Detonation, Fragmentation, and Air Blast, Numbers 1, 


Aug. 15 to Sept. 15, 1943, through 20, July 15 to Aug. 
ee 945. 

FS Fundamental Study of Explosives, Numbers 1, Aug. 15, 
to Sept. 15, 1942, through 13, July 15 to Aug. 15, 1943. 

JP Propellants for Special Jet Propulsion Devices, Numbers 
1, Aug. 15, to Sept. 15, 1944, through 12, July 15 to 
Aug. 15, 1945. 

МК 29 Mark 29 Derice, Numbers 1, Nov. 15 to Dec. 15, 1942, 
through 9, Sept. 15 to Oct. 15, 1943. 


ODP Organic Development Problems, Numbers 1, Nov. 15 to 
Dec. 15, 1942, through 27, Jan. 15 to Feb. 15, 1945. 
EI Preparation and Testing of Explosives, Numbers 1, 


As a guide to the OSRD reports, the reader is re- 
ferred to OSRD 6630, the last report issued by 
Division 8. The report gives, for every report issued 
by the Division, the following information: the 
OSRD number and, for the very early reports, the 
former Division B serial number; the title; the name 
of the author or authors; the month and year of 
issue; the number of pages, illustrations, and tables; 





Aug. 15, to Sept. 15, 1942, through 36, July 15 to 
Aug. 15, 1945. 


RP Rocket Propellants, Numbers 1, Aug. 15 to Sept. 15, 
1942, through 36, July 15 to Aug. 15, 1945. 
RRC RDX and Related Compounds, Numbers 1, Dec. 15, 


1942 to Jan. 15, 1943, through 22, Sept. 15 to Oct. 15, 
1944. 

SC Shaped Charges, Numbers 1, Aug. 15 to Sept. 15, 1943, 
through 24, July 15 to Aug. 15, 1945. 

DE Special Propellants, Numbers 1, Aug. 15 to Sept. 15, 
1942, through 35, July 15 to Aug. 15, 1945. 


TC Tracer Compositions, Numbers 1, May 15 to June 15, 
1943, through 18, July 15 to Aug. 15, 1945. 
UE Underwater Explosives and Explosions, Numbers 1, 


Aug. 15 to Sept. 15, 1942, through 21, Apr. 15 to May 
15, 1944. Beginning with Number 22 this series of 
reports was issued by Division 2. 


the pertinent Army and Navy project numbers; and 
an abstract. There 1s also a subject index. 

Finally, attention should be called to two reports 
of general interest: OSRD 5401, which is an intro- 
duction to both the theoretical and the practical as- 
pects of explosives and explosions; and OSRD 2014, 
which is a compilation of data on the properties of 
explosives. 
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